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Abstract
Intrinsically disordered proteins and regions (IDPs/Rs) are proteins that do not form stable and well-defined structures in
their free states but rather occupy an ensemble of conformations that change over time while still staying functional. They
are prevalent in the eukaryotic proteome and are involved in various vital processes in the cell where they often interact
with their binding partners through coupled binding and folding reactions. The knowledge on the molecular details of these
interactions is still limited as is the role of dynamics and conformational entropy changes. In this thesis binding interactions
between IDPs and a folded protein domain have been studied in more detail. The rate-limiting transition states (TS) of
binding have been examined using kinetic experiments and protein engineering (F-value analysis), and the picosecond to
nanosecond backbone and side-chain dynamics of these interactions have been studied with nuclear magnetic resonance
(NMR) spectroscopy. To study these properties the globular TAZ1 domain of the CREB binding protein (CBP) and three
of its interaction partners, the disordered transactivation domains of STAT2, HIF-1a and RelA have been selected. At the
rate limiting transition states of binding for TAZ1/TAD-STAT2 and TAZ1/CTAD-HIF-1a native hydrophobic binding
contacts are largely absent. These interactions are instead formed cooperatively after passing the rate-limiting barrier. The
results from the backbone and side-chain dynamic studies show that the internal motions for both binding partners are
significantly affected by the interactions. Changes in dynamics upon binding correspond to conformational entropy changes
that contribute significantly to the binding thermodynamics, and are in the same order of magnitude as the binding enthalpy.
Additionally, the conformational entropy changes for TAZ1 vary when binding to the different IDPs, demonstrating the
importance of conformational entropy. In conclusion, this work contributes to the understanding of the nature of binding
interactions involving intrinsically disordered proteins.
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1. Introduction  

Proteins are central in the cellular machinery where their interactions with 
other molecules are vital in most biological processes. It is therefore of utmost 
importance to understand how proteins function and perform their tasks. For 
over a century protein science has been concentrated on proteins with stable 
three dimensional (3D) structures. It was long believed that the function of a 
protein is dictated by its stable 3D structure. This idea originated from the 
“lock and key” hypothesis formed in 1894 by Emil Fisher, that postulated that 
the specificity of proteins can be explained by enzymes having a specific con-
formation that only certain substrates could fit (1). The hypothesis was further 
solidified by the first 3D structure determinations of proteins using x-ray crys-
tallography. Since then a lot of effort has been exerted on solving the 3D struc-
tures of proteins, which still remains as an interesting research question. These 
findings have led to considerable progress in understanding the functions of 
proteins although not giving a complete picture. Proteins are not rigid, as the 
crystal structures might suggest, but dynamic molecules that fluctuate over a 
wide range of time scales. Even though it is becoming increasingly clear that 
the dynamics can have significant effect on the protein function, the details 
are still not well understood. 

The view of proteins has changed relatively recently. We now have an un-
derstanding that functional proteins do not only exist in stable folded confor-
mations, but as disordered proteins as well. Despite existing in a disordered 
conformation, the protein functionality is still retained. These proteins are 
called intrinsically disordered proteins (IDPs). IDPs are defined as a dynamic 
and heterogenous protein ensemble that rapidly changes conformations in iso-
lation and do not have a well-defined global energy minimum (2). The energy 
landscape for IDPs can instead be described as more rugged and flatter as 
compared to folded proteins. Studies on IDPs began already in the 1980’s, 
however the publications were scarce and disordered proteins were described 
with different terms (e.g. rheomorphic, natively unfolded, natively disor-
dered). Thus, disorder was thought to be an unusual attribute in proteins (3). 
It was not until about 20 years ago that the field of IDPs started to grow, when 
protein disorder was discovered to be prevalent in the proteome (4–7). Predic-
tions show that a significant part of the proteome, about 44% of all eukaryotic 
proteins, are disordered or have at least 30-residue long disordered regions (8). 
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The number of disordered proteins increases as the complexity of the organ-
ism increases. This can most likely be attributed to the increased number of 
transcription factors and signaling proteins prevalent in eukaryotes, as IDPs 
are frequently involved in these processes. Disorder might also be a way to 
handle the increased complexity of the cell (9,10).  

We are far behind in our understanding of the basic biophysical properties 
of IDPs compared to the knowledge about well-folded proteins. Nevertheless, 
the field is constantly gaining new insights as the interest in IDPs grow. Our 
understanding about the relationship between protein disorder and function is 
still limited. However, IDPs have been described as having potential func-
tional advantages due to their flexible nature such as (i) being accessible for 
post-translational modifications (PTMs), (ii) formation of large interaction 
surfaces, (iii) binding to multiple targets and with different conformations, (iv) 
exposure of linear motifs for association and (v) liquid-liquid phase separation 
(LLPS) (10–14). Much of the research on IDPs has been conducted in vitro. 
There has been some debate previously regarding whether or not these pro-
teins are disordered within a cellular milieu as well. However, accumulating 
evidence from in-cell experiments has successfully shown that IDPs are dis-
ordered in the cellular environment as well (15,16).  

Understanding of the way that IDPs function is extremely important since 
they are involved in many vital processes in the cell, and IDPs can be con-
nected to many different diseases. In addition, the abundancy of IDPs within 
the cell, makes them highly relevant to study. Usually, IDPs cannot be char-
acterized by conventional structural methods such as X-ray crystallography or 
cryo-EM due to their disordered structures. Instead other experimental meth-
ods are commonly used, such as nuclear magnetic resonance (NMR), circular 
dichroism (CD) spectroscopy, small angle x-ray scattering, and Raman optical 
activity. The primarily methods used in this project were stopped-flow fluo-
rescence and NMR and these studies aimed to gain more insights into the bi-
ophysical properties of IDP binding interactions and complexes. The interac-
tions between IDPs and a folded interaction partner were examined by inves-
tigating the rate-limiting transition states of their binding reactions and by 
studying the dynamics of both the free proteins as well as in the formed com-
plexes.   
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2. Intrinsically disordered proteins 

2.1 IDP characteristics 
Proteins are biomolecules that may adopt a wide range of structures and dif-
ferent states. This continuum ranges from fully folded proteins, to folded pro-
teins with local disordered loops, linkers and terminals, to native molten glob-
ules and native pre-molten globules, to disordered proteins that populate tran-
sient secondary structures, all the way to proteins that are highly disordered 
and extended (12). There is no clear distinction where IDPs start in this struc-
ture continuum, as disorder come in many different forms. The length of in-
trinsically disordered regions (IDRs) and IDPs can also vary considerably, 
from short segments to long regions of thousands of amino acids (2).  

The structures of IDPs are encoded in their amino acid sequence, in the 
same way as 3D protein structure is encoded within the sequence of folded 
and stable proteins. What is it about the amino acid sequence of a protein that 
dictates if it will fold into a stable 3D structure or become intrinsically disor-
dered? IDPs are enriched in charged, polar amino acids (Ala, Arg, Gln, Glu, Lys, and 
Ser). They also have an increased number of prolines, which disrupt secondary struc-
ture formation and have less bulky hydrophobic residues (Ile, Leu, Phe, Trp, Tyr, Val) 
which prevents the IDPs from forming well-defined tertiary arrangements. Instead, 
IDPs have a heterogenous ensemble of conformations, with a more flat and rugged 
free energy landscape compared to folded proteins (6,17–20).  

 

2.2 Functions of IDPs 
The functions of IDPs have been studied both experimentally and computa-
tionally, and it has been suggested that IDPs and globular proteins could have 
different roles in the cell. Computational studies indicate that structured pro-
teins are most likely often involved in processes such as transportation, bio-
synthesis, and energy pathways, whereas IDPs are more abundant in processes 
such as development, regulation, transcription, and signal transduction (21–
23). The physical characteristics of IDPs, like their ability to bind to several 
different targets or undergo PTMs seem to make them suitable in signaling 
and regulatory pathways (10,24). Moreover, IDPs can have the ability to pro-
mote liquid-liquid phase separation (LLPS) both in vitro and in cells and form 
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membrane-less organelles (25–27). This relatively new area has become ex-
tremely popular to study in the past few years. These important cellular func-
tions that IDPs are involved in, are part of the reason for why IDPs are inter-
esting to study and why more experimental results are needed to understand 
how they function.  

2.2.1 Post-translational modifications  
The diversity of the proteome is increased in the cell by post-translational 
modifications (PTMs). The extended state of IDPs make them excellent tar-
gets for the modifying enzymes that facilitate PTMs. IDPs are also frequently 
modified as they have an increased number of PTM sites within their se-
quences compared to folded proteins. Computational methods have for in-
stance predicted that most phosphorylation sites can be found within intrinsi-
cally disordered regions, where they are predicted to be 10 times more abun-
dant in IDPs than in folded proteins (28). Furthermore, the amount of PTMs 
on IDPs differ greatly, from just one PTM site to multiple ones, and the pos-
sibility to even have different kinds of PTMs on the same residue. This leads 
to a diverse biological regulation of the functions and thus the ability to un-
dergo many PTMs can be considered as an advantage of IDPs (29). These 
protein alterations may lead to a variety of different outcomes, such as phos-
phorylation induced folding of the intrinsically disordered 4E-BP2 (30) or in-
creasing the affinity for the interaction between the TAD domain of the p53 
and the TAZ1 domain of the CBP by a factor of 80 upon multiple phosphory-
lation events (31). Additionally PTMs can affect most of the functions of IDPs 
e.g. by regulating their protein-protein interactions, altering secondary struc-
ture propensity, adjusting cellular localization or by promoting LLPS 
(10,16,26,32,33).   

2.2.2 IDPs in protein-protein interactions 
IDPs are involved in many different protein-protein interactions (PPIs), where 
their partners can vary greatly, from proteins with stable 3D structures to other 
IDPs. The interactions can be mediated from short linear motifs (SLiM) to 
large disordered protein domains that may undergo disorder-to-order transi-
tions upon binding to their targets. One advantage of intrinsic disorder has 
been suggested to be that IDPs interact with their targets with low affinity and 
high specificity. However, many IDPs have also been found to bind with high 
affinity (34). The interactions of IDPs have been investigated by a variety of 
methods, both experimental and computational ones. Two of the frequently 
used techniques are NMR and stopped-flow spectrometry which have been 
used in this work to study IDP interactions.    
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Disorder-to-order transitions  
IDPs often undergo disorder-to-order transitions to various degrees when they 
interact with their partners (Figure 1) (35). As the IDP move from the free 
state to a folded state, the coupled folding and binding reaction is connected 
to an conformational entropy cost. A potential advantage of IDPs is that they 
can bury a large surface area upon binding, which compensates for the con-
formational entropy cost by release of solvent molecules (favorable solvent 
entropy change for binding) and the formation of many enthalpic interactions. 
In general, for an interaction involving two folded proteins to form interaction 
surfaces comparable to the ones formed by IDPs, the size of these proteins 
would need to be 2-3 times larger, which in turn would lead to increased 
crowding in the cell (36).   

 

 
Figure 1. Disorder-to-order transition. The intrinsically disordered CTAD-HIF-1a 
colored in green (pdb code 1l8c) (37) undergoes a disorder-to-order transition as it 
interacts with the globular TAZ1 domain colored in gray (pdb code 1u2n) (38).  

As the binding reactions of IDPs have at least a binding and a folding step, 
the binding mechanism can be complicated. Two extreme binding mecha-
nisms have been proposed for IDPs: the induced fit and the conformational 
selection mechanism. The induced fit mechanism is characterized by an initial 
disordered interaction, followed by a conformational change where the IDP 
folds into its bound ground state. In the conformational selection mechanism 
on the other hand, the association is selected only for those proteins that have 
the correct pre-formed structure in their free states. It can be difficult to sepa-
rate the two mechanism experimentally, but it can be done with kinetic meas-
urements (39). Both binding mechanisms are supported in the literature, but 
most data indicate on the induced fit mechanism (34). However, the most 
likely scenario is that IDPs may utilize a mixture of the two mechanism, which 
is further discussed in section 4.7.  

The disorder-to-order transitions are not always complete, but the IDPs can 
retain some of their disorder even in the bound states. This retained level of 
disorder in the bound state is sometimes referred to as fuzziness (40,41). The 
spectrum of conformations formed by IDP binding interactions ranges from 
disorder-to-complete order to disorder-to-disorder transitions. There are even 
examples of IDP-IDP interactions where both IDPs stay disordered in their 
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bound states such as the high affinity interaction between linker histone H1.0 
and the nuclear protein prothymosin a (ProTa) (42).  

The flexibility of IDPs could be a reason for their ability to bind to multiple 
targets. This promiscuity could be a strength in signaling pathways, as the 
IDPs could mediate signals between different proteins. Their promiscuity 
makes them both common in hubs in protein-protein interaction networks 
where they interact with several different targets, as well as in hub interactions 
where many different IDPs bind to the same structured protein (43). Binding 
to multiple partners can be exemplified the N-terminal TAD domain of p53 
protein that interacts with HMGB1, Mdm2, MdmX, NCBD, tb1f PH domain, 
RPA70, TAZ1, and TAZ2 (44). When an IDP binds to different targets it can 
adopt different folds upon interaction with the different targets, such as the C-
terminal of p53 can fold into extended forms, an alpha-helical conformation, 
or a b-strand when binding to different targets (43). Another example is the 
intrinsically disordered activator-binding domain (NCBD) of the CREB bind-
ing protein (CBP) that gains different conformations when binding to the in-
terferon regulatory factor 3 (IRF3) (45) or the intrinsically disordered activa-
tion domain of p160 nuclear receptor co-activator (ACTR) (46,47).  

2.3 Intrinsic disorder and diseases 
Changes in expression levels or mutations in the DNA encoding IDPs have 
been associated to different diseases and it is therefore important that the reg-
ulation of the levels of IDPs function properly. Disease causing mutations can 
lead to direct changes of the function of IDPs, or affect the IDPs indirectly by 
altering the levels of them in the cell. Higher expression levels, reduced clear-
ance of the proteins, or changes in the aggregation propensity of a protein, can 
lead to protein aggregation which in turn can lead to neurogenerative diseases 
such as Parkinson’s-, Alzheimer’s-, and Huntington’s diseases. These diseases 
are connected to fibrillar aggregates of a-synuclein, amyloid-β, and Hunting-
tin, respectively, These IDPs and IDP-like proteins have been extensively 
studied (14,48).  

As IDPs are frequently present in the regulatory pathways and signaling, it 
is not surprising that they have also been linked to cancer. Their properties to 
interact with multiple targets and through SLiMs can become problematic if 
the expression levels increase, as it can force proteins into undesirable inter-
actions leading to disturbances in the signaling pathways. These changes lead 
to an imbalance in the signaling pathways, and can thus lead to cancer. Exam-
ples of IDPs or IDRs that have been linked to different types of cancer are a-
ferroprotein, p53, HVP, and BRCA-1. In addition, IDPs have been implicated 
in cardiovascular diseases (CVD) (IDPs such as hirudin and thrombin) and 
type II diabetes (the IDPs amylin). About 60% of the CVD-associated proteins 
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contain at least 30 residue long disordered regions (48). Thus, many IDPs 
seem to be involved in diseases, which raises the questions what properties 
the IDPs must have to make them so abundant in these diseases, and how can 
we use that to design new therapeutics? This presents yet another reason for 
why it is so crucial to study these proteins and to understand their basic phys-
ical characteristics.  
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3. Model system 

 
Intrinsically disordered proteins are abundant in the cell where they conduct 
important biological functions, often by being involved in protein-protein in-
teractions. Here, interactions between IDPs and a folded protein domain have 
been studied, which are further described below. The aim has been to gain 
insights into the functions of IDPs by studying the rate-limiting transition 
states of the interactions between IDPs and a folded domain, as well as by 
studying the dynamics of these interactions.  

3.1 CREB binding Protein 
The CREB binding protein (CBP) and its paralog p300 are coactivators of 
transcription and a central node in the transcriptional regulatory pathways. 
These proteins regulate the transcriptional activity by interacting with over 
400 different proteins and regulatory factors (49). The interactions can have 
opposite effects, were different interactions can drive the cell towards either 
proliferation or apoptosis (50). 

The CBP is a large multidomain protein with 2441 residues and contain 
seven folded domains as well as a molten globule/IDP domain which are sep-
arated by long disordered regions (Figure 2) (12). The domains have different 
tasks in the regulatory networks of transcription, such as in the relaxation of 
chromatin as well as acetylation of transcription factors mediated by the his-
tone and acetyl transferase (HAT) domain and other domains preform their 
tasks by interacting with transcription factors (11,12). As the CBP plays such 
a central role in the transcriptional regulatory networks, an understanding of 
the molecular basis by which it performs its roles is of high importance.  
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Figure 2. A schematic figure of the domains on the CREB binding protein. Some of 
the binding partners for four of the main interaction domains of CBP are shown be-
low. The globular domains are shown as spheres and the molten globule/IDP domain 
(NCBD) is shown as a box. Three interaction partners, STAT2, HIF-1α and RelA, of 
the TAZ1 domain have been studied in this thesis work.  

3.1.1 TAZ1 
The transcriptional adapter zinc binding 1 (TAZ1) domain of CBP is a cen-

tral hub in the signaling pathways of the cell, which mediates the interaction 
between CBP and several transcription factors (10). In combination the TAZ1 
and the TAZ2 domain of CBP have been reported to interact with at least 30 
different transcription factors (38). Due to the numerous binding partners of 
TAZ1, an important part of the cellular regulation is the competition of bind-
ing to TAZ1 as it mediates cross-talks between many signaling pathways. 
There are limited amounts of TAZ1 in the cell, therefore the transcription fac-
tors need to be able to compete for binding in highly efficient manners (51). 
The binding affinities should not be too high as it would impair the function 
of TAZ1. TAZ1 is often involved in interactions with the intrinsically disor-
dered transactivation domains (TADs) of different transcription factors. Here, 
we have studied the TAZ1 domain and three of its interaction partners, the 
transactivation domains of STAT2, HIF-1a and RelA.   

Structure of TAZ1 
In solution, the TAZ1 is a four helix bundle that is stabilized by three zinc 

ions, each bound to three cysteine residues and one histidine residue (Figure 
3A) (38). It retains its overall structure when bound to any of the three studied 
transcription factors (37,52,53). TAZ1 has a deep hydrophobic groove that is 
well suited for IDP binding and its electropositive surface attracts acidic TADs 
for binding.  
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Figure 3. PDB structures. Structures of (A) free TAZ1 (pdb code 1u2n) (38) and (B-
D) TAZ1 in complex with three different IDPs. The backbone of TAZ1 is shown in 
grey. (B) TAD-STAT2 is shown in blue (pdb code 2ka4) (52), (C) CTAD-HIF-1a in 
green (pdb code 1l8c) (37), and (D) RelA-TA2 in orange (pdb code 2lww) (53). The 
structures have previously been determined by solution NMR. 

3.2 STAT2 
Signal transducer and activator of transcription 2 (STAT2) is a transcription 
factor that activates genes needed for cell viability and survivability. The 
STAT proteins consist of several domains: the N-terminal domain, the coiled-
coil domain, a DNA-binding domain, a linker-domain, the Src homology 2 
domain, and the transactivation domain. It binds to TAZ1 through its transac-
tivation domain (TAD) (54).   

The STAT2 is part of the Janus family of tyrosine kinases (JAK)-STAT 
pathway in the cell. Two transmembrane receptors, the IFNAR1 and IFNAR2, 
are brought together by binding to extracellular stimuli in the form of type I 
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interferon (IFN). Associated to these receptors are a JAK1 and a TYK2 pro-
tein. When these proteins are brought together they first phosphorylate each 
other and thereafter tyrosine kinase on the IFNAR1 and IFNAR2 receptors. 
The STAT proteins are able to dock to the recently phosphorylated sites, 
which enables JAK to phosphorylate the STAT proteins. The phosphorylation 
leads to dissociation of STAT from the receptors and dimerization between 
STAT proteins. These STAT dimers are free to translocate to the nucleus, 
where they bind to the DNA through their DNA binding domains (54). Tran-
scription is initiated by recruitment of transcription co-activators such as the 
CBP.  

Structure of TAD-STAT2/TAZ1 
We have studied the TAD-domain of STAT2 (residues 786-838, 

C793H/C809S) called the TAD-STAT2, in Papers I and II. This region is 
completely disordered in solution but undergoes a disorder to order transition 
upon interaction with TAZ1 (55). When bound to TAZ1, STAT2 wraps 
around TAZ1, forming a short alpha helix and 310-helix (Figure 3B) (52).  

3.3 HIF-1a 
The hypoxia inducible factor 1a (HIF-1a), is a transcription factor that ac-

tivates the transcription of genes that are crucial during hypoxia. Some of 
these proteins increase the oxygen availability for the cell, others are involved 
in anaerobic respiration by activation of genes that control glucose metabo-
lism, cell proliferation and vascularization (56). The HIF-1a is a 826 residue 
long protein. It has several domains, e.g. two transactivation domains (TAD) 
and a DNA binding region, where one TAD is responsible for the TAZ1 in-
teraction (37,57). 

The hypoxic response is tightly regulated. During normoxic conditions, the 
HIF-1a is inactivated. It is hydroxylated in the oxygen-dependent degradation 
(ODD) domain, in positions Pro-402 and Pro-564. The hydroxylated prolines 
attract the Von Hippo-Lindau tumor suppressor protein (pVHL) and leads to 
ubiquitination of HIF-1a and degradation by the proteasome (57–59). During 
hypoxic conditions on the other hand, the degradation of HIF-1a is termi-
nated, due to lack of oxygen. The HIF-1a is accumulated in the nucleus, where 
it forms dimers with HIF-1b. The HIF-dimer binds to DNA and recruits the 
co-activator, CBP, to initiate transcription. The hypoxic response is also me-
diated by an additional hypoxic switch, the hydroxylation of Asn-803 by a 
factor inhibiting HIF-1a (FIH-1). The Asn-803 is located in the CTAD do-
main of HIF-1a, and hydroxylation during normoxic conditions significantly 
lowers affinity to bind CBP (60). The hypoxic response also leads to activation 
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of the gene encoding CITED2. It was recently reported by Berlow and col-
leagues that the disordered transactivation domain of CITED2 is an extremely 
efficient negative feedback regulator of HIF-1a (61). CITED2 competes for 
TAZ1 binding through a conserved LP(Q/E)L motif, that is also present in the 
HIF-1a (62). They have studied the TAD-domains of CITED2 and HIF-1a 
(TAD-CITED2 and CTAD-HIF-1a). Interestingly, the TAD-CITED2 has the 
same affinity for binding to TAZ1 as CTAD-HIF-1a does, but it is still able 
to displace HIF-1a in a highly efficient manner. The authors suggest that the 
displacement takes place through an allosteric mechanism where formation of 
a transient ternary complex triggers an allosteric conformational change on 
TAZ1, which leads to displacement of HIF-1a. The dynamic nature of these 
IDPs could be the reason for the efficient feedback regulation. Thus, the func-
tion of these proteins seem to rely on the disordered state, indicating on one 
of the potential advantages of intrinsic disorder.  

Structure of CTAD-HIF-1a/TAZ1 
HIF-1a interacts with TAZ1 through its transactivation domain (residues 

776-826), called CTAD-HIF-1a (or HIF-1a CAD in Paper III), which we 
have studied in Papers III and V. The CTAD-HIF-1a is completely disor-
dered in its free state but when interacting with TAZ1 the CTAD-HIF-1a 
wraps around a hydrophobic groove on TAZ1 and forms three short helices. 
The N-terminal region (776-790) of CTAD-HIF-1a is not as well-defined 
compared to the rest of CTAD-HIF-1a in the complex structure with TAZ1. 
However, it forms contacts to TAZ1 even in this region (Figure 3C) (37).  

3.4 RelA 
The NF-kB family of transcription factors activates genes that play an im-
portant part in the immune response (63). The NF-kB has been kept in a latent 
state by the Inhibitor-kB proteins, but when needed extracellular stimuli can 
lead to degradation of these inhibitors and the NF-kB dimers can translocate 
to the nucleus. The NF-kB binds to the target sequences on the DNA and to-
gether with co-activators such as the CBP, initiates transcription of target 
genes (64). The family consist of five members, RelA (also known as p65), 
RelB, c-Rel, p50, and p52, which all form homo- and heterodimers in the cell. 
The RelA is a 551-residue long protein with a rel homology region (RHR) and 
a TAD domain, that can be dived into two regions. The RHR domain is re-
sponsible for binding to DNA, interaction with the KIX domain of the CBP, 
and also contains the dimerization domain (DD). The TAD domain on the 
other hand interacts with the TAZ1 domain of the CBP and initiates transcrip-
tion (65,66). The transcriptional activity is activated by extracellular stimuli. 
The activity of RelA is not only regulated by extracellular stimuli, but is also 
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under control of post-translational modifications, which modifies its activity 
(65,67,68). CITED2 has also been shown to be a negative feedback regulator 
for RelA. It inhibits the RelA activity by binding to TAZ1 and hindering the 
acetylation of RelA. Additionally, CITED2 also decreases the binding of RelA 
to its promoter regions (69).  

Structure of RelA-TA2/TAZ1 
RelA interacts with TAZ1 through its transactivation domain. We have 

studied this region in Paper IV (residues 425-490), called the RelA-TA2, 
which is completely disordered in solution, but folds upon interaction with 
TAZ1, forming two short helices and two helical turns. The N-terminal helix 
is dynamically discorded (with about 30% helical population) as are the N- 
and C-terminals (425-433 and 482-490). The interactions in the complex are 
stabilized by hydrophobic contacts as well as electrostatic interactions (Figure 
3D) (53). 
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4. Coupled binding and folding reactions of 
IDPs 

An important part of protein function are protein-protein interactions (PPIs), 
which have a central role in many different processes in the cell. Understand-
ing the basis for PPIs is especially important for IDPs that are often involved 
in these kind of interactions. Much effort has been put into understanding the 
complex structures and equilibrium states of these interactions, but our under-
standing of the mechanism and transition states of binding remains limited. In 
order to understand how coupled folding and binding reactions occur, it is 
important to gain information on the structure at the rate limiting transition 
state.    

Not many publications were available on studies of the transition states for 
the binding and folding reactions of IDPs when I started my PhD. There were 
only a handful of publications available (34), but the number of studies has 
since then increased (44). The aim of this thesis has been to gain more under-
standing into the rate-limiting transitions sates of the disorder-to-order transi-
tions. How do IDPs bind? What does the transition state look like for IDP 
interactions? Are there any general trends to their binding reactions? The tran-
sition states can be investigated by F-values analysis, in which the kinetic rate 
constants for the reactions are needed.   

4.1 Binding kinetics 
In the simplest form, a protein-protein interaction is a two-state reaction, 

with the free states and the bound state. The reaction rate can be described by 
the association rate constant (kon) and the dissociation rate constant (koff).  
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The equilibrium dissociation constant (Kd) is the ratio of koff/kon. Two-state 
reactions are characterized of only having the reactants and products popu-
lated without any low-energy intermediates. The disorder-to-order transitions 
are complex reactions, and in theory at least two step reactions, with the inter-
action and the folding of the IDPs (3,70). However, the binding kinetics for 
IDPs are often surprisingly simple displaying single-exponential behavior and 
linear concentration dependence, although this is not true for all IDPs includ-
ing the ones studied here. For IDPs, the reaction rate constants are often meas-
ured under pseudo-first-order conditions, where one of the reactants is added 
in excess, while keeping the other in constant concentration. Lower concen-
trations, under non-pseudo-first order conditions, can also be used in the de-
termination of rate constants (71). There are many ways to measure the kinet-
ics of protein interactions, for example by surface plasmon resonance, NMR 
transverse relaxation experiments, temperature jump and stopped-flow spec-
troscopy, all with their own advantages and disadvantages. Stopped-flow flu-
orescence spectroscopy has been used to measure the rate constants of the in-
teraction between TAZ1/TAD-STAT2 as well as TAZ1/CTAD-HIF-1a (Pa-
per II and III).  

4.2 Stopped-flow fluorimetry 
The stopped flow method can be used for measuring kinetics of protein in-
teractions. It is suitable for reactions from milliseconds to longer time scales.  
A stopped-flow experiment starts by the protein solutions being loaded into 
two syringes (Figure 4). Small amounts of protein solution are loaded into 
the mixing chamber, and after a few milliseconds the reactions are measured. 
Common methods for monitoring the reactions are CD, fluorescence spec-
troscopy and light scattering. Fluorescence spectroscopy has been used in 
these experiments to measure the kinetics.  
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Figure 4. Schematic picture over a stopped-flow set-up. The samples are loaded to 
two syringes, from where the solutions are led to a mixing chamber and further to the 
observation cell. The reaction is detected by fluorescence spectroscopy.  

The observed rate constant (kobs) can be extracted from the experimental 
traces by curve fitting (Figure 5A). The experiments are repeated several 
times, varying one of the protein concentrations (P2), where after the kobs can 
be plotted against the protein concentration (Figure 5B). Under pseudo first-
order conditions the kobs is a combination of the on and off rates according to 

 
𝑘'+, = 𝑘'( ∙ [𝑃%] + 𝑘'** 

  
If lower concentrations (non-pseudo-first order conditions) are used in the 

concentration series, then the general equation for reversible association of 
two molecules can instead be utilized (71). The association and dissociation 
rate constants can be extracted from the curves, however, for a more precise 
determination of the dissociation rate constant displacement experiments can 
be performed, especially if the koff is close to zero. In these experiments, the 
already formed protein complex is mixed with a large excess of a competing 
ligand or protein. Under these conditions the observed reaction rate constant 
is the same as the dissociation rate constant. Even though the kinetics give 
insight to the binding mechanism, the reaction pathways can be studied more 
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extensively as well. For studying the transition states of these binding and 
folding reactions, the obtained kinetics can be combined with mutational stud-
ies, in F-value analysis.   

 

 
Figure 5. Kinetic experiments for a coupled folding and binding reaction involving 
an IDP. A) A binding trace to which a function can be fitted to extract the observed 
reaction rate constant (kobs). The experiments are repeated several times with varying 
concentration (of TAD-STAT2) B) kobs, as a function of the concentration for the IDP 
(TAD-STAT2), while keeping the concentration of its binding partner (TAZ1) con-
stant. The concentration dependence of kobs was analyzed using the general equation 
for association of two molecules (71). Data previously published in Paper I.  

4.3 F-value analysis 
Transition states are extremely short lived and do not accumulate, which 

make them difficult to study. An indirect method that gives insight into this 
short lived state is called the F-value analysis (72). Besides giving a picture 
of the transition state, the results are also extremely helpful for benchmarking 
computational stimulations. F-value analysis has traditionally been used for 
studying the mechanisms of folding of globular proteins, but has lately been 
used for studying binding reactions of IDPs (73).  

In F-value analysis for folded proteins, mutational studies are combined 
with kinetic measurements. In short, the structure is examined and amino acids 
that seem to be important for folding are identified and mutated in a conserva-
tive manner. The kinetics for these mutants are measured and the free energy 
for these reactions are calculated. The F-value obtains a value between 0 and 
1, where a value close to 0 indicates that the transition state is similar to the 
unfolded state for that residue, whereas a value close to one indicates a tran-
sition state that is similar to the native state (Figure 6). 
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Figure 6. F-value analysis. Reaction profiles for a protein with a single step reaction, 
where the mutated residue is indicated in green and with dashed lines. If the residue 
has not formed any native interactions at the transition state (as in A) the free energy 
is not affected. This leads to a F-value of 0. If on the other hand, the mutated residue 
makes full native contacts at the TS (as in B) the free energy is affected and the F-
value is one.  

The point mutations must be chosen carefully, since the Gibbs free energy 
has several contributions, where the three main components arise from (i) 
change in solvation (DGsolv), (ii) change in non-covalent interactions (DGnoncov) 
and (iii) structural reorganizations (DGreorg) upon mutation. The point muta-
tions must be chosen so that the Gibbs free energy change will primarily de-
pend on changes in non-covalent interactions. The recommendation is thus, to 
make deletion mutations on hydrophobic residues, i.e. Ile→Val→Ala→Gly; 
Leu→Ala→Gly; Thr→Ser; Phe→Ala→Gly (74). However, other mutations 
such as Met→Ala and Cys→Ala are also frequently used. The key assump-
tions of F-value analysis are that the mutation does not affect the structure of 
the folded state, the structure of the unfolded state, the reaction pathway, nor 
make new interactions with new partners. These assumptions are usually valid 
if the mutations are chosen carefully.   

The F-value analysis has traditionally been used to study folding of pro-
teins, where the folding (kF) and unfolding rate constants (kU) are measured. 
The results have led to the current view on protein folding mechanisms and 
helped in developing computational methods. F-value analysis has been de-
veloped to be used for studying binding- and folding reactions of disordered 
proteins. It differs slightly form studying folding of proteins with stable con-
figurations, and there are a few additional caveats to consider. Residues in-
volved in the binding interface can be chosen for mutations instead of residues 
that might be important for the folding. In Papers I and III, hydrophobic po-
sitions in the binding interface have been mutated. When performing F-value 
analysis on IDPs, instead of measuring kF and kU, the association rate constant 
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(kon), dissociation rate constant (koff) and equilibrium constants (obtained as 
the ratio Kd=koff/kon) are measured. The F-value can then be calculated as  
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4.4 Linear free energy relationship (LFER) 
While the F-value gives information on the TS for a single residue, the infor-
mation can also be combined in Linear free energy relationships (LFER), also 
referred to as Brønsted plots (75). The method has traditionally been used to 
determine the position of the TS in the reaction pathway for chemical reac-
tions. LFER has later been used in characterizing the protein folding mecha-
nism of globular proteins. The results have been very robust with linear results 
(the slopes/a-values are around 0.3) (76). The linearity of these plots, have 
indicated on the nucleation-condensation mechanism for protein folding 
where the TS is a disordered version of the native state and the proteins col-
lapse around a weakly formed core. More recently, few studies have used 
LFER plots to study the binding reactions of IDPs. In the LFER, the change 
in activation energy (DDGTS) can be correlated to the change in equilibrium 
energy (DDGeq), or alternatively the log kon and log koff can be correlated to log 
Kd.  

4.5 Isothermal titration calorimetry  
Isothermal titration calorimetry (ITC) is a method where changes in heat 

are measured which gives information on the thermodynamics of binding re-
actions. The ITC apparatus has two cells, a reference cell and the sample cell, 
where water/buffer and protein solution are added respectively (Figure 7A). 
The other binding partner is loaded onto a syringe and is added in small 
amounts to the sample cell. When the two components in a binding reaction 
are mixed together, heat is either absorbed or released. The energy needed to 
maintain a temperature difference of zero between the two cells are measured. 



20 

The binding component is titrated incrementally into the sample cell at set 
time intervals, and the heat change is monitored. The protein becomes satu-
rated as more binding partner is added, and the change in heat becomes 
smaller. The heat is plotted against the time (Figure 7B), and the peak area is 
integrated for each titration point. An equation can be fitted to the resulting 
graph, which gives the dissociation constant (Kd), the stoichiometry, and the 
enthalpy change, DH, for the binding reaction (77).  

  

 
Figure 7. ITC experiments. A) A schematic isothermal titration calorimetry experi-
mental setup. The heat absorbed or released by/from the reaction is monitored by 
changing the power needed to keep both reference cell and sample cell under constant 
temperature. The binding partner is added incrementally by a stirring syringe. B) For 
each increment the heat is monitored as a peak of power against time. The peak area 
is integrated for each increment and plotted against the molar ratio.  

A strength of ITC is that it not only gives Kd and DH directly, but that the 
total entropy change (DS) can also be obtained indirectly through TDS=DH-
DG =DH-RTln(Kd) where T is the temperature and R is the universal gas con-
stant. Additionally, information of the stoichiometry can be obtained as well 
as the heat capacity constant (Cp) when running the experiment at different 
temperatures. A drawback of using ITC is that it requires high protein concen-
trations and therefore solubility can become an issue for some biomolecules. 
Also, reactions with high Ka, above 109 M-1, are difficult to study since the 
heat peaks are identical for all titrations points until saturation is achieved. 
This results in a sharp titration curve which the equations used for fitting are 
not suitable for. Instead displacement experiments can be conducted (78). In 
Papers I and III, the Kd obtained from the stopped-flow technique for the 
IDP binding reactions were found to be in excellent agreement with the Kd 
determined by ITC.  
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4.6 Transition states of TAZ1/IDP interactions  
In order to gain more insight into the transition states of disorder-to-order 

transitions, the transition state of TAZ1 binding to TAD-STAT2 and CTAD-
HIF-1a (Paper II and III) have been investigated by F-value analysis on 
hydrophobic positions in the binding interface (Figure 8). Our studies show 
similar results for both complexes, with a mean value for F-values below 0.1 
for both cases. This shows that there is a low amount of native hydrophobic 
interactions formed at the rate-limiting transition states for the two IDPs in 
complex with TAZ1.  

 
Figure 8. F-values. Residues for which F-values could be obtained are marked in 
yellow. Structures of A) TAZ1 (grey) in complex with TAD-STAT2 (blue) (pdb code 
2ka4) and B) TAZ1 (gray) in complex with CTAD-HIF-1a (green) (pdb code 1l8c). 

 
The results from the linear free energy relationships (LFER) suggest that 

the effect of the mutations largely lie on the apparent dissociation rate con-
stants (Figure 9), with slopes close to one. These results indicate on a cooper-
ative formation of the interactions after the rate limiting transition state. The 
picture that emerges from the results is that at the rate-limiting transition state 
for TAZ1/IDP interactions the IDPs are very disorder-like at the TS and that 
the native hydrophobic interactions are formed cooperatively after the rate-
limiting transition state.  
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Figure 9. Linear free energy relationships. Plotted are the log koffqpp and konapp 
against log Kd for A) TAD-STAT2/TAZ1 and B) CTAD-HIF-1a/TAZ1. Each point rep-
resents one variant of the IDPs. The effect of the mutations largely lie on the koffapp. 
Data previously published in Papers I and III. 

Our conclusions are further supported by computational results. De Sancho 
and Best used coarse-grained models for studying the transition state of 
TAZ1/CTAD-HIF-1a and came to the conclusion that the TS is highly disor-
dered (79). Additionally Chu et. al. reported F-values that were mostly below 
0.2 for the same complex formation from their simulations (80). These F-
values are low indicating that few native-like interactions have formed at the 
rate-limiting TS. The transition state for TAZ1/TAD-STAT2 has also been 
investigated by computational methods. In this case, our experimentally de-
termined phi-values were slightly lower than estimates obtained in simula-
tions, a phenomenon that has previously been observed in MD studies (81).   

The basal association rate constant (kbasal) for TAZ1/TAD-STAT2 has also 
been investigated, which is the rate constant in the absence of electrostatic 
interactions. We determined it to be ~106 M-1s-1, which is at the upper regime 
for interactions formed between two globular proteins (82–85). The kbasal de-
pends on the number of collisions leading to a productive on-pathway encoun-
ter complex, and therefore this suggests that there is an increased number of 
successful collisions between TAD-STAT2 and TAZ1 leading to the native 
ground bound state as compared to folded proteins.  

 

4.7 Current view on IDP binding reactions 
What advances have been made so far in understanding the transition states 
and binding mechanism of IDP binding and folding reactions? How do our 
results fit into this perspective? The transition states of IDP binding and fold-
ing reactions have been studied with F-value analysis (86–96). Even though 
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the examined IDPs seem to have different topologies, some only forming sin-
gle a-helixes and others wrapping entirely around their binding partners, the 
majority of these results display rather low F-values, though there are a few 
exceptions to these findings. This is in excellent agreement with the observa-
tions in Papers I and III which indicate on the IDPs stay unstructured at the 
rate-limiting transition states. Higher F-values can be distributed unevenly 
along the sequences, which could present as anchoring sites for the binding 
that stabilize the encounter complex. It has been indicated that the binding and 
folding reactions of IDPs could be similar to the nucleation-condensation 
mechanism of protein folding (97). Additionally, the F-value analysis studies 
on IDP binding reactions suggest that these proteins seem to avoid misfolded 
conformations in their transition states, as they rarely display unusual F-val-
ues that do not lie between 0 and 1 (97). The lack of unusual values in these 
studies suggest that F-values analysis is a robust method for studying IDP 
interactions even though mutagenesis could disrupt native secondary or ter-
tiary structure that can exist in their free states.  

The LFER plots for IDP binding interactions seem to show linear correla-
tions, as did the LFER for folding of globular proteins (87,98,99). The results 
from the LFER in Papers I and III suggest on a cooperative formation of the 
native interactions after passing the rate-limiting energy barrier in the reaction 
pathway, which is in agreement with most of the literature. The binding of 
IDPs could be initiated by multiple different initial contacts with a low fraction 
of native interactions. However, contrasting results have also been published. 
The rate-limiting transition state for the interaction between the KIX domain 
of CBP and the disordered c-Myb was reported to contain a high degree of 
native contact formation (89). Hence, there seem to be a variance of the degree 
of native interactions at the transition states of binding for IDPs. 

Understanding the nature of the rate limiting transition state is one im-
portant aspect in deciphering the interactions for IDPs. But what binding 
mechanisms do they utilize? The induced fit and the conformational selection 
mechanism have been proposed as two binding mechanism that IDPs could 
utilize for their induced binding reactions. The initial interactions for many 
IDP binding reactions are suggested to be followed by heterogenous non-na-
tive complex formations, which reach the ground state through induced-fit 
mechanisms. It is however important to remember, that not all IDP binding 
reactions fit into this description, even though a majority of studies have indi-
cated on this.  

IDPs have been observed to display rather high kbasal values compared to 
interactions between two folded proteins (82).which gives support for the in-
duced fit mechanism since conformational selection mechanism would lead to 
a drop in the association rate constants if the binding could only occur with a 
sparsely populated conformation (82,100,101). In Paper I, the kbasal value for 
the interaction between TAD-STAT2 and TAZ1 was seen to be rather high 
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compared to values obtained for interactions between two folded proteins. 
Similar results have been seen for other IDP systems, where the kbasal rates 
have been even higher, such as the cMyb/KIX (8×106 M-1s-1) (82), MLL/KIX 
(3×106 M-1s-1) (100) and MDM2/TAD of p53 (2×106 M-1s-1) (102), each meas-
ured at 10°C. It seems thus on the few studies available, that IDP interactions 
have high association rate constants in the absence of electrostatic interac-
tions. These results indicate that the amount of collisions that can lead to a 
successful on-pathway encounter complex is increased compared to collisions 
between folded proteins. 

Recently, a new concept was also introduced by Gianni and coworkers 
called templated folding (97). This concept states that the binding partner dic-
tates the structure at the transition state for the IDP, where the binding mech-
anism can occur through flexible reaction pathways. The idea is that the IDPs 
ability to bind specifically to multiple targets gives rise to the templated fold-
ing mechanism. They have suggested templated folding for interactions be-
tween MLL/KIX (95), cMyb/KIX (89) and NTAIL/XD (103). On the other 
hand, other studies have indicated that the binding is templated by the IDPs 
and not by their binding partners. Clarke and colleagues studied the transition 
states of BH3-only PUMA and BID as well as the BCL-2-like proteins A1 and 
MCL where they observed that the F-values where conserved for the IDPs 
when interacting with different partners, suggesting that the binding process 
is mediated by the IDP (88).        

A similar mechanism to templated folding was suggested by Zhou and col-
leagues, which they express as multiple dock-and-coalesce pathway (104). 
The idea is that a fragment of the IDP makes the initial association and leads 
to a coalescence of the rest of the IDP, where the binding could occur through 
several different pathways. They tested the mechanism by studying the WASP 
GBD/Cdc42 (105). The dock-and-coalesce mechanism also fits with the ob-
servation from the F-values analyses where few residues unevenly distributed 
in the sequence were observed to display higher F-values.  

In a recent study by Karlsson et al. study the evolution of coupled binding 
and folding mechanism on the NCBD/CID interaction (106). They show that 
the transition state of interaction has evolved to have less native hydrophobic 
interactions and to be more disordered like, even though the mechanism is 
overall similar for the current and ancestral complexes. Adapting the transition 
state to have multiple transient interactions, while still retaining the overall 
reaction pathway, could be a way to adapt for binding to multiple targets.  

Our current understanding of the IDP interactions is still incomplete. As 
the literature revised here shows, we are far from a unified model of the IDP 
binding mechanism and there might not even exist one. It might not be so 
surprising that IDPs, which sample vast conformational spaces, could resort 
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to different strategies including templated binding by both IDP and target. Ul-
timately, further experimental data are required to resolve this central question 
concerning IDPs. 
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5. Protein dynamics in IDP binding 
interactions 

Proteins are not static entities, as might be thought when looking at crystal 
structures, but are constantly fluctuating. These motions happen on a broad 
range of timescales. While all proteins undergo pico-to-nanosecond (ps-ns) 
motions, many proteins also undergo motions on slower timescales, such as 
conformational exchange that happen on a micro- to millisecond timescale, or  
protein unfolding events that can take microseconds or longer to complete.  
Here, the motions on the ps-ns timescale have been investigated. There are 
different methods available for the studying protein dynamics, where one of 
the most powerful ones is nuclear magnetic resonance (NMR) spectroscopy. 
NMR offers information on atomic level and the possibility to study dynamics 
over different timescales.  

The crucial role that dynamics can have for the function of proteins is start-
ing to emerge as more studies are published on the topic. However, the under-
standing of how dynamics contribute to function is still limited. Dynamics 
seem to play a key role for the function in many biological processes such as 
PPIs and ligand binding, as rearrangements can expose binding sites, in allo-
stery, as dynamics can transmit information from one part of the protein to 
another, and in disorder-to-order transitions, but even small dynamical fluctu-
ations can have effect on the protein function. Understanding the dynamics of 
proteins is thus crucial for unraveling the way they function. The work in this 
thesis has aimed to obtain a better understanding of how dynamics affect pro-
tein function in IDP interactions. What is the contribution of dynamics to the 
function of IDPs? What is the nature of the dynamics of IDPs as well as the 
globular proteins that they interact with? Are the disorder-to-order transitions 
complete or do the IDPs retain some of their dynamics in the bound form? 
Additionally, the dynamic response of a protein have previously been con-
nected to the conformational entropy change. Does the conformational en-
tropy affects the binding thermodynamics, and if so, by how much?  

5.1 Nuclear magnetic resonance (NMR) spectroscopy 
Nuclear magnetic resonance (NMR) spectroscopy has been used here to 

measure relaxation parameters that report on the fast time scale dynamics of 
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proteins. Here follows a short description to the theory of NMR and the meth-
ods used in this research. For the interested reader, a more fundamental de-
scription on the theory of NMR can be found for instance in Understanding 
NMR by James Keeler.  

As stated in the name, NMR is a method that investigates properties of 
atomic nuclei. Nuclei possesses an intrinsic quantum property of spin, S, the 
magnitude of which depends on the spin quantum number S. The spin quan-
tum number can take integer or half integer values. In NMR nuclei with S¹0 
are observable. In protein NMR, atoms such as 1H, 13C, and 15N are investi-
gated, for which S=½. Deuterium, with S=1, can also be used as a probe, but 
for simplification, the following description of NMR will only apply for spins 
with S=½. For spins with S = ½, there are only two possible states, spin-up 
and spin-down, where the two spin states are degenerate. A magnetic moment 
(µ) exists for spin with non-zero angular momentum (S). The nuclei thus be-
haves like a small magnet in itself. The magnetic moment is related to the 
angular momentum by 

𝝁 = 𝛾𝑺 

where g the gyromagnetic ratio, which is an isotope-specific constant. When 
placed in a strong external magnetic field (B0) the magnetic moments of the 
nuclei interact with the applied field. This leads to an energy separation of the 
spin-up and spin-down states, where the lowest energy is achieved when the 
magnetic moment is aligned with the external field (for nuclei with positive 
g), which is usually defined to be longitudinal direction or along the z-axis. 
The energy separation of the two levels is given by 

∆𝐸 =
ℎ𝛾𝐵Q
2𝜋  

where h is Planck’s constant. The higher the external magnetic field strength, 
the higher the energy difference between the two states, and thus, the sensitiv-
ity of the NMR measurements increases with higher magnetic fields. At typi-
cal magnetic field strengths of 9-20 T, the energy separation is in the magni-
tude of radio frequency wavelengths. At room temperature, the thermal energy 
is much larger in magnitude than the energy difference between the two states. 
This gives rise to almost equal populations according to the Boltzmann distri-
bution, with only a small net alignment of magnetic moments along the exter-
nal magnetic field. The slight net alignment of magnetic moments with the 
external field leads to a bulk magnetization, B. When placed in an external 
magnetic field, the nuclei precess around the field with the Larmor frequency 
expressed in rad/s. 
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𝜔Q = −𝛾𝐵Q 

However, each nuclei experiences a different local field due to its specific 
chemical environment, and thus precesses at a frequency of 

𝜔<'V = −𝛾𝐵<'V = −𝛾𝐵Q(1 + 𝛿) 
 
where d is the chemical shift, which is a quantity that is typically reported in 
NMR spectra. The bulk magnetization can be perturbed from its equilibrium 
state by radio frequency pulses at the Larmor frequency, and then be observed 
in NMR experiments. As the bulk magnetization precesses in the xy-plane, it 
induces a current in a coil inside the NMR spectrometer, which can be ampli-
fied and recorded. This time-dependent signal is called the free induction de-
cay (FID) and it can be Fourier transformed to obtain a spectrum, i.e. the fre-
quencies of the precessing nuclei.  

5.1.1 Protein NMR  
Studying proteins by NMR have many advantages, like gaining infor-

mation on atomic resolution and being able to study dynamics on a wide range 
of timescales. However, protein NMR has its limitations too. Due to the small 
bulk magnetization, NMR is considered to be a low sensitivity method. High 
protein concentrations are therefore needed in the sample (micro- to millimo-
lar) to compensate for this. To further enhance the sensitivity, isotope labeling 
has to be used, since the natural abundance of the NMR-active isotopes 15N 
and 13C are low (0.4% and 1%). Another potential practical problem stems 
from peak overlap, especially for large proteins, which may lead to difficulties 
in interpreting spectra. It is common practice to conduct multidimensional ex-
periments, such as the two-dimensional HSQC experiment instead, where the 
peaks become more separated. An issue that is more difficult to overcome is 
that large proteins (>40 kDa) cannot be easily observed by conventional NMR 
methods, due to slow tumbling which leads to line broadening. The signals 
can thus disappear into the noise.  

Nuclear magnetic resonance spectroscopy has a wide range of applications 
in biomolecular sciences. It can for example be used to determine the three-
dimensional structure of a protein, its kinetics, dynamics, and to study binding 
events. Here, NMR has primarily been used for studying the dynamics of 
TAZ1 in its free state and when bound to different IDPs as well as the dynam-
ics of TAD-STAT2 and CTAD-HIF-1a (Papers II, IV, and V).  
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5.1.2 NMR relaxation and dynamics 
The process by which spins return to equilibrium is called relaxation. Relaxa-
tion occurs due to molecular motions that cause fluctuations in the local mag-
netic fields. Thus, relaxation is connected to the movement and dynamics of a 
protein, which makes it possible to measure dynamics of a protein at atomic 
resolution.  

The longitudinal relaxation (T1) describes the return of the bulk magneti-
zation along the z-axis to its equilibrium state, whereas transverse relaxation 
(T2) describes dephasing of the magnetization in the xy-plane. There are var-
ious different mechanisms leading to relaxation, such as dipole-dipole inter-
action, chemical shift anisotropy (CSA), and nuclear quadrupolar interaction 
(for S > 1/2). The relaxation can be measured for backbone and side-chains 
where these measurements can later be used for obtaining information on the 
dynamics.  

Backbone dynamics 
Backbone dynamics were used to study the dynamics of the amide-bond vec-
tor in the backbone of the proteins (Figure 10A). In order to get higher signals, 
the proteins where thus expressed in media supplemented with 15NH4Cl. The 
dominant relaxation mechanisms for nuclei such as 15N (and 13C) are dipole-
dipole relaxation and chemical shift anisotropy (CSA).  
 

  
Figure 10. Dynamic bond vectors. Dynamics of the A) backbone amide bond and the 
B) side-chain methyl bond vector are measured by NMR. 



30 

Side-chain dynamics 
Side-chain picosecond to nanosecond dynamics were investigated by deuter-
ium relaxation. In these experiments the methyl group in methyl bearing resi-
dues is used as a probe for the dynamics (Figure 10B). Information on the 
relaxation for side-chains can thus only be gathered directly for methyl bear-
ing amino acids (Ala, Ile, Met, Val, Leu, Thr). The motions of these amino-
acids are coupled to the movements of all other side-chains. Thus, the average 
motions of the methyl-bearing residues can be used for reporting on the side-
chain motions of the whole protein (107). 

In order to obtain higher sensitivity in the NMR experiments the proteins 
are enriched in deuterium and 13C, by expressing them in 60% D2O and with 
13C-glucose. Therefore, most methyl-bearing amino acids will contain deuter-
ium and thus a mixture of 13CH2D, 13CHD2, and 13CD3 are obtained, where the 
pulse sequence selects for signals obtained from the isotopomer (13CH2D) 
(108,109). For determining the relaxation rates, three experiments are run 
where IzCzDz, IzCzDy and IzCz coherences are measured (I =1H, C =13C and D 
=2H). To obtain the longitudinal and transverse relaxation rates for the deu-
teron (Dz and Dy) the IzCz is subtracted from the other two terms. The relaxa-
tion for the deuteron can be described as (109) 
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For the deuteron, the dominant relaxation mechanism is due to the nuclear 

quadrupolar interaction, which makes the data straightforward to analyze.  
Studies on ps-ns dynamics have primarily focused on backbone dynamics 
even though it is important to study the side-chain dynamics as well, since 
they can provide valuable insights into the protein activity, allosteric regula-
tion and the conformational entropy change in PPIs (110–113).   

Model free approach  
The molecular motions of a protein expressed in angular frequency (w) can 

be described by the spectral density function J(w). For an isotropically tum-
bling molecule J(w) can be described as 
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where tm is the rotational correlation time. Separation of the global and inter-
nal motions is done in the model-free approach, which uses a modified spec-
tral density function, developed by Lipari and Szabo (114,115). In the origi-
nal form the model free approach assumes three different parameters: the 
correlation time for the isotropic macromolecular reorientation (tm), the ef-
fective correlation time (te), and the squared order parameter (O2). The order 
parameter is usually referred to as S2, but to avoid confusion to the entropy 
(S) Marlow et al. started to use the abbreviation O2, which is also used here. 
The original Lipari-Szabo model-free spectral density function is expressed 
as 
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where tm is the overall correlation time, t-1=tm

-1+te
-1 (te is the effective cor-

relation time describing internal motions) and O2 is the order parameter. An 
extended model-free spectral density that takes slower timescale mo-
tions into consideration has also been described (116). O2 describes the 
amplitude of motion that are expressed on the ps-ns time scale (Figure 10). It 
can assume values between one and zero. A value close to one reflects com-
plete rigidity of the bond vector whereas a value close to zero corresponds to 
unrestricted movement of the bond vector. To determine the model-free 
squared generalized methyl axis order parameters (O2

axis) and the effective in-
ternal correlation times, the global correlation time obtained from the 15N 
backbone relaxation data was used and a 2H quadrupolar coupling constant of 
167 kHz was set in the calculations. Furthermore, the motions about the me-
thyl symmetry axis need to be taken into consideration. Thus, the relaxation 
is measured for the deuteron in the 13CH2D-group, however after analyzing 
the results the amplitude of motion is reported for the C-Cmethyl bond. Studies 
so far have shown that there does not seem to exist a clear correlation between 
O2

axis and certain physical characteristics such as solvent accessible surface 
area, packing density or the immersion depth.   

The experimental procedure to determine the order parameters and corre-
lation times for each vector by NMR, starts by a set of 2D HSQC experiments, 
summarized in Figure 11. The experiments are recorded several times, with 
varying delay times. The intensity of the peaks in the HSQC will vary depend-
ing on the delay time, and the decrease in intensity can be plotted for each 
peak against the delay time. A single exponential can be fitted to the curve, 
and the relaxation rate constants can be extracted. Using the model free ap-
proach the order parameter and the internal correlation time (te) are obtained. 
The order parameter for TAZ1 in complex with three IDPs (Paper, II, IV, V) 
have been obtained. Comparing the order parameters between free and bound 
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TAZ1, both site-specific and the average difference in dynamics can be ob-
tained. The difference in order parameters can be used to calculate the entropy 
change upon binding (section 5.2). 

 

 
Figure 11. A scheme for conducting and analyzing NMR relaxation experiments. 
A) The sample is placed in an external field B0, indicated by a grey arrow. A bulk 
magnetization is formed (green arrow), which is rotated to the xy-plane by a radio 
frequency (RF) pulse. The magnetization precesses in the xy-pane and starts to 
dephase due to T2 relaxation. The loss of coherence is a function of time (T). B) The 
2D HSQC experiments are repeated with varying delay times. C) The signal intensity 
of each peak is plotted against delay time, resulting in an exponential decay curve. 
The Relaxation rate constants are extracted from the graphs by fitting a single expo-
nential function. D) The order parameter (O2) and internal correlation time (te) are 
obtained using the model-free approach for the amide backbone bond or the methyl 
C-CH3 symmetry axis. E) The average order parameters are used to calculate the 
conformational entropy change using the entropy meter.   

5.2 Conformational entropy change 
Protein interactions are a fundamental part of the cellular machinery. The af-
finity of these interactions is related to the Gibbs free energy through ∆𝐺 =
𝑅𝑇𝑙𝑛(𝐾=). The Gibbs free energy has an enthalpic and an entropic contribu-
tion (∆𝐺?'? = ∆𝐻?'? − 𝑇∆𝑆?'?), which can further be subdivided. Here, focus 
has been on the conformational entropy changes and their contributions to the 
binding thermodynamics. The binding entropy is the sum of several contribu-
tions, the solvent entropy (DSsolvent), the entropy due to conformational 
changes (DSconf) from both the protein and ligand, rotational-translation en-
tropy (DSRT), and other entropic contributions (DSother).  
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Historically, the discussions on entropy has been centered around solvent 

entropy, and usually in the form of the hydrophobic effect. NMR relaxation 
gives the opportunity to determine the conformational entropy change (117). 
The fast time scale motions contribute significantly to the conformational en-
tropy change, whereas it has been estimated that motions on the slower time-
scales might not contribute as much (118). The conformational entropy 
change can be determined with the so-called entropy meter, that has been de-
veloped in recent years. This method has been used to quantify the conforma-
tional entropy changes in TAZ1/IDP interactions (Papers II, IV and V). The 
conformational entropy change resulting from changes in side-chain mobility 
can be obtained by (111) 
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where sd is an empirically calibrated constant ((−4.8±0.5)×10-3 kJ/(mol K)), Nc 
is the total number of torsion angels in the protein, and áO2

axisñ is the average 
difference in O2

axis values for the protein during binding. The entropy change 
resulting from changes in backbone dynamics can be estimated by (119) 
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where kB is the Boltzmann constant, Nres the total number of residues in the 
protein, ádln(1-O2

NH)ñ is the average change in the amide order parameters.  

5.3 Dynamics and conformational entropy change for 
TAZ1/IDP  

To study the dynamics of IDP complexes, the backbone dynamics of TAZ1 
both in its free state but also in complex with TAD-STAT2, CTAD -HIF-1a 
and RelA-TA2 have been examined (Figure 12). The results are presented in 
more detail in Papers II, IV and V. In summary, the order parameter of TAZ1 
in the bound complexes can be seen to follow the same trend as in its free 
form. However, the dynamic response of TAZ1 differs when bound to the 
three different IDPs. In complex with TAD-STAT2 changes in the order pa-
rameters of individual 1H-15N vectors can be seen but on average there is no 
change in the backbone dynamics. On the contrary, when in complex with 
RelA-TA2 and CTAD-HIF-1a, a net rigidification in the backbone dynamics 
can be observed for TAZ1 (Figure 12).  
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Figure 12. Backbone order parameter O2NH, for TAZ1. Backbone order parameter 
O2NH, for TAZ1 when A) free and bound to B) TAD-STAT2, C) RelA-TA2 and D) 
CTAD-HIF-1a. The free TAZ1 is shown in gray in all graphs. Data previously pub-
lished in Papers II, IV and V. 

Moreover, the side-chain dynamics of TAZ1 in its free form and in com-
plex with the three IDPs were studied (Figure 13). Here, different degrees of 
rigidification in TAZ1 when interacting with the IDPs could be observed, 
where the largest decrease was seen when TAZ1 bound to TAD-STAT2.    

 

 
Figure 13. Side-chain order parameter O2axis for TAZ1. A) free, and bound to B) 
TAD-STAT2, C) RelA-TA2 and D) CTAD-HIF-1a. Free TAZ1 is shown in gray in all 
graphs. Data previously published in Papers II, IV and V. 
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TAZ1 has previously been described as a rigid scaffold for binding but the 
results presented here show that TAZ1 is a dynamic protein, with varying dy-
namic responses depending on the binding partner. Thus, even globular pro-
teins can modulate their dynamics when binding different IDPs.   

The dynamics of the TAD-STAT2 and CTAD-HIF-1a were also studied 
(Figure 14). The N-terminal of TAD-STAT2 remains highly flexible even in 
the bound state on both the backbone and side-chain level. Thus, it only un-
dergoes a partial disorder-to-order transition when interacting with TAZ1. The 
side-chain motions for CTAD-HIF-1a are very flexible in the N-terminal, but 
get more rigid toward the C-terminal. Furthermore, a cluster of more dynamic 
side-chains on both the CTAD-HIF-1a  and TAZ1 were observed at the N-
terminal end of the LPQL motif in the CTAD-HIF-1a. It can be speculated 
that these dynamic side-chains could present an opening for the CTAD-
CITED2, and thus play an important role for terminating the hypoxic re-
sponse. Berlow et al. (61) have also discussed the potential role of the bound 
state dynamics at the N-terminal region for the displacement mechanism. Nev-
ertheless, further investigations are needed in order to study the role of dy-
namics for the displacement of CTAD-HIF-1a by CTAD-CITED2. 

 

 
Figure 14. Order parameters for STAT2 and CTAD-HIF-1a in complex with TAZ1.  
A) Backbone order parameter (O2NH) for TAD-STAT2 when bound to TAZ1. B) Side-
chain methyl axis order parameter (O2axis) for TAD-STAT2 when bound to TAZ1 and 
C) O2axis CTAD-HIF-1a when bound to TAZ1. Data previously published in Papers 
II and V. 
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Furthermore, the conformational entropy changes for the formation of these 
protein complexes were studied. The results are summarized in table 1. As can 
be expected for an IDP, as it undergoes a conformational change upon binding, 
the conformational entropy change was quite large on both the backbone and 
side-chain level. What might be more surprising was that the non-favorable 
conformational entropy change of TAZ1 was also substantial and varied de-
pending on the IDP target. TAZ1 thus also takes part in modulating the bind-
ing thermodynamics by modulating its conformational entropy change. With-
out the conformational entropy penalty from the rigidification of TAZ1, the 
affinity of binding would be much higher. The conformational entropy 
changes were in the same order of magnitude as the enthalpy for these reac-
tions which shows the importance of DSconf contribution to the binding ther-
modynamics.  
Table 1. Conformational entropy change. Estimated conformational entropy change 
for the complex formation between TAZ1 and the TAD-STAT2, CTAD-HIF-1a and 
RelA-TA2. Data previously published in Papers II, IV and V. 

 
Entropy change for TAZ1 Entropy change for IDP 

-TDSconf total -TDSconf backbone -TDSconf side-chain -TDSconf total -TDSconf backbone -TDSconf side-chain 

TAZ1/TAD-
STAT2 

30 kcal/mol 23 kcal/mol 7 kcal/mol N/A N/A 14 kcal/mol 

TAZ1/CTAD-

HIF-1a 
12 kcal/mol 1 kcal/mol 11 kcal/mol 38 kcal/mol 26 kcal/mol 12 kcal/mol 

TAZ1/RelA-
TA2 

15 kcal/mol 10 kcal/mol 5 kcal/mol N/A N/A N/A 

 

5.4 Dynamics and conformational entropy in protein 
binding interactions 
Plasticity in proteins is a central part of regulating the function, and it is often 
required for molecular recognition and binding. To gain a comprehensive un-
derstanding of the function of proteins it is not sufficient to only examine the 
3D structures of proteins but information on dynamics is equally important, 
both on the backbone and side-chain level.  

The dynamical studies presented here, show that the intrinsically disor-
dered TAD-STAT2 protein only undergoes a partial disorder-to-order transi-
tion. Other IDPs/IDRs have also been suggested to retain conformational dy-
namics, or fuzziness in their bound states (120,121). These fuzzy interactions 
could take part in regulating the affinities and specificities of the complexes 
and also facilitate allosteric communication. Our understanding on the func-
tional roles of fuzziness in IDP complexes is still limited. Similarly, it is not 
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well understood how IDPs use the residual dynamics to modulate their binding 
interactions. More research on this topic is needed in order to shed light on 
these properties.  

Studies have previously proposed that protein dynamics can make a signif-
icant contribution to biological function (110,112,113,122–127). Here, the im-
portance of the dynamic response, as it corresponds to conformational entropy 
changes in the TAZ1/IDP interactions that contribute significantly to the bind-
ing thermodynamics, have been shown. The conformational entropy change 
has been studied in other systems before, such as for the calmodulin/peptide 
(128,129), carbohydrate recognition domain/ligand (130) and catabolic activa-
tor protein/DNA (112). The results are intriguing, as the conformational en-
tropy change has been seen to play an important part in the binding thermo-
dynamics and thus the affinity of the interactions. Studies have also revealed 
that the contribution of the conformational entropy to binding thermodynam-
ics can vary substantially as it can promote binding, have no effect on binding 
or decrease affinities. Other than being an important part of the binding ther-
modynamics, conformational entropy is also involved in allosteric long-range 
signal transmissions, although it is difficult to assess to what extent since there 
are only a few publications available. Allosteric couplings between different 
binding sites have also been suggested to be maximized in induced folding 
reactions of IDPs (131). Future studies will widen our understanding for how 
the allostery and other functions of IDPs is affected by the dynamics and con-
formational entropy changes. Additionally, understanding the role of confor-
mational entropy changes in these IDP interactions could prove to be an im-
portant part in the development of pharmaceuticals, since structure-based drug 
design has not been as fruitful as was initially hoped (132). A reason might be 
that interactions are not only dictated by the three-dimensional structure of a 
protein but also by complex energetics, including conformational entropy 
changes.  
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6. Concluding remarks 

The aim of the research described in this thesis was to increase our under-
standing of how IDPs function by investigating the rate-limiting transition 
states of disorder-to-order transitions, as well as by studying the dynamics of 
IDP interactions. These parts are pieces in a larger jigsaw puzzle of decipher-
ing the functions of IDPs; but nonetheless, they are important contributions. 
In Papers I and III, the rate-limiting transition states of TAD-STAT2 and 
CTAD-HIF-1a when binding to TAZ1 were investigated. These studies 
showed that the native hydrophobic interactions are not yet formed at the rate-
limiting transition state, but are instead formed cooperatively after passing the 
energy barrier. In Papers II, IV, and V, the backbone and side-chain dynam-
ics of TAZ1, in its free state as well as when in complex with TAD-STAT2, 
CTAD-HIF-1a and RelA, were examined. Additionally, the dynamics of 
TAD-STAT2 and CTAD-HIF-1a when bound to TAZ1 were also studied. 
The changes in dynamics for TAZ1, between the free and bound state, were 
observed to depend on the interaction partner. Thus, TAZ1 is not a static pro-
tein but is dynamically active in its response upon binding. These changes in 
dynamics corresponded to significant conformational entropy changes. They 
are in the same order of magnitude as the enthalpy of binding and the solvent 
entropy change, which have historically been seen as one of the major driving 
forces in protein binding reactions.  

As has been described, IDPs are abundant in the cell and are involved in 
various fundamental processes, where they often participate in protein-protein 
interactions. The way the field envisions these coupled binding and folding 
reactions has evolved from a simplistic view to a rather more complex one, 
where IDPs are thought to employ a variety of strategies in their binding re-
actions. However, our knowledge of the binding mechanisms remains limited. 
The protein dynamics is emerging as a critical aspect of protein function and 
it has become possible to connect the changes in dynamics to the conforma-
tional entropy changes of these interactions. The field of IDPs is still relatively 
new and constantly developing in new directions. It will be interesting to see 
where these new directions lead us as more is discovered about the functions 
and properties of intrinsically disordered proteins.   
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7. Populärvetenskaplig sammanfattning 

Som biokemister och biofysiker är vårt jobb att gräva djupare i de bestånds-
delar som gör liv möjligt och att vända och vrida på dessa molekyler i vår jakt 
att förstå dem bättre. Tittar vi förbi människan, dennes organ och in i cellen, 
kan vi hitta över 100 000-tals olika proteiner. Dessa proteiner är ansvariga för 
det mesta som händer i cellen. Vissa proteiner ansvarar för att släppa in näring 
och syre i cellen, andra ansvarar för att signalera för cellen när det är dags att 
tillverka mer av andra protein. Proteiner består av byggstenar som kallas för 
aminosyror, och hur dessa ska sättas ihop finns kodat i DNAt. 

En nyckelfråga för vårt fält är: Hur fungerar proteiner? Denna fundamen-
tala fråga kan angripas på olika sätt med hjälp av många forskningsmetoder. 
Historiskt har man dock ofta närmat sig problemet genom att försöka att lösa 
den tredimensionella strukturen hos ett protein. Tanken var att man med hjälp 
av strukturen skulle kunna lista ut hur proteinet fungerar, på samma sätt som 
att det är lättare att förstå hur ett lås fungerar om man har sett insidan. Man 
hoppades att med hjälp av strukturen kunna designa läkemedel som passar in 
som en nyckel i låset, men det har dock visat sig att det inte är så lätt. Proteiner 
är nämligen inte totalt rigida strukturer utan rör sig lite hela tiden. På senare 
tid har man därför försökt förstå dynamiken hos proteinerna, alltså hur prote-
iner rör sig över tid och hur detta påverkar deras funktioner. 

 
Figur 1. När den veckade TAZ1 domänen (grått) och det ostrukturerade proteinet 
STAT2 (mörkblått) interagerar, så omfamnas TAZ1 av STAT2 och går från ett fritt 
tillstånd till ett bundet och veckat.  

En annan relativt ny upptäckt är att alla proteiner inte har väldefinierade 
tredimensionella strukturer i sina fria tillstånd. För ungefär 20 år sedan upp-
tänkte man att ostrukturerade proteiner utgör en stor del av de mänskliga pro-
teinerna, man uppskattar att de uppgår till cirka 40% av alla proteiner. Ostruk-
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turerade proteiner är definierade som en ensemble av olika strukturer som va-
rierar över tid. Detta har lett till ett helt nytt fält inom proteinforskningen, där 
fokus ligger på att förstå de grundläggande egenskaperna av dessa proteiner 
som kallas för intrinsically disordered proteins (IDP). IDP är involverade i 
många livsviktiga processer i cellen, där deras uppgifter verkar skilja till viss 
del från veckade proteiners. IDP är ofta involverade i signaleringsvägar i cel-
len, där man tror att deras oveckade tillstånd kan ge dem fördelar i dessa pro-
cesser. IDP ingår ofta i protein-protein interaktioner och när de interagerar, 
lindar de sig ofta runt sin interaktionspartner och kan gå från det fria tillståndet 
till ett veckat och bundet tillstånd (Figur 1).  

För att cellen ska veta vilka proteiner som ska produceras måste den få 
signaler som berättar för den vad som ska skapas. Detta kan göras av vissa 
proteiner, som kallas transkriptionsfaktorer, som binder in till specifika delar 
av DNAt och därmed signalerar till cellen att just dessa mallar behöver avläsas 
(Figur 2). Många av dessa transkriptionsfaktorer är till viss del ostrukturerade 
i sina fria tillstånd och några av dessa har undersökts i denna avhandling, näm-
ligen delar av Signal transducer and activator of transcription (STAT2), Hy-
poxia inducible factor 1a (HIF-1a) och RelA. HIF-1a, binder till exempel in 
till DNAt när det är ont om syre i cellen. Det leder till produktion av proteiner 
som bland annat bidrar till skapandet av nya blodkärl. Transkriptionsfaktorer 
är inte ensamma i att starta produktionen av proteiner. När de bundit in till 
DNAt lockar de till sig andra protein, som tillsammans ser till att produktionen 
startas. De tre transkriptionsfaktorerna som studerats här, binder till ett veckat 
domän i proteinet CREB bindning protein (CBP) och kallas TAZ1. CBP är en 
co-aktivator för transkriptionen, där TAZ1s uppgift är bland annat att intera-
gera med olika transkriptionsfaktorer. En viktig aspekt för TAZ1 är därför att 
snabbt kunna byta bindningspartner utefter cellens behov. (För den nyfikna 
finns strukturerna för alla TAZ1/IDP interaktioner på sidan 10.)  

 
Figur 2. Transkriptionsfaktorer (grön) binder in till specifika delar av DNAt för att 
signalera att dessa delar behöver läsas av (ex. STAT2, HIF-1a, RelA). Co-aktivatorer 
av transkriptionen så som CBP (mörkgrått) lockas till transkriptionsfaktorerna och 
binder till dessa med hjälp av TAZ1 domänen (ljusgrått).   
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Vi har undersökt dessa protein-protein interaktioner närmare där det första 
steget var att undersöka bindningen mellan IDPs och deras partners. Det finns 
många pusselbitar att lösa för att förstå hur en bindning går till, och vi har tittat 
närmare på en av dessa bitar. Vi har nämligen försökt förstå hur IDP ser ut i 
det hastighetsbegränsande övergångstillståndet. Har IDP redan veckat sig eller 
är den fortfarande ostrukturerad när den binder till det andra proteinet? För att 
undersöka detta har vi använt oss av en metod som kallas F-värdes analys. 
Metoden möjliggör för att få en indirekt bild över proteinet i det hastighetsbe-
gränsande övergångstillståndet mellan fritt och bundet tillstånd. Det finns inga 
direkta metoder till att studera detta då de hastighetsbegränsande övergångs-
faserna är extremt kortlivade och de ackumuleras inte, utan övergår snabbt till 
produkt alternativt går tillbaka till det obundna tillståndet. Bilden vi får från 
våra experiment för TAZ1/IDP interaktionen är att IDP inte bildar några na-
tiva interaktioner i övergångsfasen utan att dessa formas senare i reaktionen. 
Det ser ut som att den initiala inbindningen kan vara väldigt heterogen och 
ostrukturerad och att detta sedan följs av veckningen till det bundna tillståndet. 
Detta stämmer bra överens med majoriteten av de få studier som undersökt 
övergångsfaserna för IDP.  

Den andra aspekten vi har varit intresserade av att undersöka närmare är 
hur dynamiken påverkar funktionen hos dessa protein. IDP är väldigt dyna-
miska i sina fria tillstånd, men hur ser det ut i det bundna tillståndet? Hur 
påverkas dynamiken hos det veckade proteinet när det binder in IDP? För att 
studera dynamiken har vi använt oss av kärnmagnetisk resonans (NMR) spekt-
roskopi. Förenklat innebär de NMR mätningar vi använt oss av, att kan man 
mäta hur den magnetiska signalen som uppstår i experimenten minskar med 
tiden, vilket i sin tur är beroende av hur mycket atomerna rör sig. Det kan 
därför användas till att undersöka dynamiken av ett protein och fördelen med 
NMR är att information om varje enskild aminosyra i proteinet kan tas fram. 
Vad vi kan se i våra experiment är att IDP är väldigt dynamiska även i sina 
bundna och veckade tillstånd. Vi tror att dynamiken i det bundna tillståndet 
möjliggör för IDP att släppa taget om sin interaktionspartner lättare. Sedan 
visar vi också att dynamiken för det veckade proteinet TAZ1, är olika bero-
ende på vilken IDP den binder till, men att den blir mer rigid när den intera-
gerar med alla IDP som vi studerat. Tidigare har man beskrivit TAZ1 som ett 
statiskt protein, men våra resultat visar att TAZ1 är ett dynamiskt protein som 
reagerar olika på olika bindningspartners.  

Dynamiska förändringar hos ett protein, kan beräknas om till en förändring 
i konformationsentropi. Entropi är ett mått på oordning där naturen driver pro-
cesser mot högre entropi. Detta beror på att det krävs mindre energi och att 
det alltså är mer termodynamiskt gynnsamt. Därför kan förmågan hos IDP att 
gå från ett ostrukturerat tillstånd till ett strukturerat tillstånd verka egendomlig. 
För att detta ska vara möjligt vägs denna ogynnsamma entropi upp av andra 
motverkande energier som avges vid interaktionen. Entropin är i sin tur är 
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kopplat till affiniteten för proteinkomplexet, det vill säga hur starkt två prote-
iner interagerar. Resultaten i denna avhandling visar att förändringen i kon-
formationsentropi hos både TAZ1 och IDP är viktig för affiniteten för kom-
plexet. Om det veckade proteinet, TAZ1, inte skulle bli mer rigid när det inte-
ragerar med IDP, skulle affiniteten bli så pass hög att inget annat protein 
längre skulle kunna binda till det. Det skulle därför totalt förstöra funktionen 
av TAZ1, vars uppgift är att interagera med flera proteiner. Vi ser alltså att 
dynamiken kan ha en stor påverkan på funktionen av protein och visar att kon-
formationsentropin har en viktig del av bindningstermodynamiken.  

I vår jakt att gräva oss djupare ner i förståelsen för hur proteiner fungerar 
har vi i detta arbete tagit några spadtag framåt. Eftersom IDP-fältet fortfarande 
är i begynnelsen, finns det många fler aspekter kvar att undersöka. Bland annat 
behövs fortfarande ytterligare studier som undersöker bindningsmekan-
ismerna och inte minst dynamiken hos dessa protein för att få en helhetsbild 
över hur de fungerar. I framtiden kanske dessa upptäckter har hjälpt till i att ta 
fram nya mediciner mot en rad olika sjukdomar. Det kan dock bara tiden av-
visa.  
 



43 

8.  Acknowledgments 

This work could not have been done without help and encouragement from 
many people. Therefore, I would like to thank everyone who has been a part 
of this journey. First, thank you Jakob Dogan for creating this interesting pro-
ject and for accepting me as your very first PhD student. Thank you for all of 
your advice and the time you have spent discussing with me and helping me 
forward. And finally, thank you for your feedback on this thesis in these past 
months.  

I would also like to express my gratitude to my fellow colleagues and 
friends that have made my years at DBB memorable. Thank you for all the 
scientific discussions, feedback on my thesis, teaching experiences, game 
nights, fika breaks, chats in the lab, and all the other things that make it fun to 
come to work. An extra thank you to Cecilia, Eloy, Ghada, Inna, Joan, Jobst, 
Johan, Ornella, Pontus, Sarah, and Therese.  

Things would not have run as smoothly, without the help of the technical 
and administrative staff. Thank you for keeping the NMR machines running, 
helping with the inventory of chemicals and all of the other great work you 
do! Especially thank you Matthew and Britt-Marie.   

To my LTH crew, my IKEA group, Alisa, Emma, and Kajsa. Thank you 
for all the shared laughs and encouragement. I have been lucky enough to do 
my PhD at the same time as my best friends and it has truly been an privilege 
to share this journey with you.  

Thank you to my family, Heli, Kaj and Peter who have supported me un-
conditionally, helped, and encouraged me during all my years of study, from 
my first year of school and onwards. I would not be here if it were not for you.  

Ludvig, your unwavering support means the world to me. Thank you for 
picking me up late from work when the bacterial cultures grew slowly and for 
letting me explain scientific topics you have no interest in just so I get to prac-
tice. And also, thank you for always being my tech-support. To my son Walter, 
you have reminded me of what is important for me in life and kept me sane 
during these past moths of working with the thesis. Thank you for letting me 
disconnect from my work to discover the world anew.  
  



44 

9. References  

1.         Fischer E. Einfluss der configuration auf die wirkung der enzyme. Ber 
Dtsch Chem Ges. 1894;27:2985–93.  

2.         van der Lee R, Buljan M, Lang B, Weatheritt RJ, Daughdrill GW, 
Dunker AK, et al. Classification of intrinsically disordered regions and 
proteins. Chemical Reviews. 2014;114(13):6589–631.  

3.         Uversky VN, Dunker AK. Understanding protein non-folding. Bio-
chimica et Biophysica Acta - Proteins and Proteomics. 
2010;1804(6):1231–64.  

4.         Wright PE, Dyson HJ. Intrinsically unstructured proteins: Re-as-
sessing the protein structure-function paradigm. Journal of Molecular 
Biology. 1999;293(2):321–31.  

5.         Uversky VN, Gillespie JR, Fink AL. Why are “natively unfolded” pro-
teins unstructured under physiologic conditions? Proteins: Structure, 
Function and Genetics. 2000;41(3):415–27.  

6.         Dunker AK, Lawson JD, Brown CJ, Williams RM, Romero P, Oh JS, 
et al. Intrinsically disordered protein. Journal of Molecular Graphics 
and Modelling. 2001;19(1):26–59.  

7.         Tompa P. Intrinsically unstructured proteins. BioEssays. 
2002;25(9):847–55.  

8.         Oates ME, Romero P, Ishida T, Ghalwash M, Mizianty MJ, Xue B, et 
al. D2P2: Database of disordered protein predictions. Nucleic Acids 
Research. 2013;41(D1):508–16.  

9.         Yruela I, Oldfield CJ, Niklas KJ, Dunker AK. Evidence for a strong 
correlation between transcription factor protein disorder and organis-
mic complexity. Genome Biology and Evolution. 2017;9(5):1248–65.  

10.        Wright PE, Dyson HJ. Intrinsically disordered proteins in cellular sig-
naling and regulation. Nature Reviews Molecular Cell Biology. 
2015;16(1):18–29. 

11.        Dyson HJ, Wright PE. Role of intrinsic protein disorder in the func-
tion and interactions of the transcriptional coactivators CREB-binding 
Protein (CBP) and p300. Journal of Biological Chemistry. 
2016;291(13):6714–22.  

12.        Dyson HJ, Wright PE. Intrinsically unstructured proteins and their 
functions. Nature Reviews Molecular Cell Biology. 2005;6(3):197–
208.  



45 

13.        Uversky VN. Paradoxes and wonders of intrinsic disorder: Stability 
of instability. Intrinsically Disordered Proteins. 2017;5(1):e1327757. 

14.        Babu MM. The contribution of intrinsically disordered regions to pro-
tein function, cellular complexity, and human disease. Biochemical 
Society Transactions. 2016;44(5):1185–200.  

15.        Smith AE, Zhou LZ, Pielak GJ. Hydrogen exchange of disordered 
proteins in Escherichia coli. Protein Science. 2015;24(5):706–13.  

16.        Theillet FX, Binolfi A, Frembgen-Kesner T, Hingorani K, Sarkar M, 
Kyne C, et al. Physicochemical properties of cells and their effects on 
intrinsically disordered proteins (IDPs). Chemical Reviews. 
2014;114(13):6661–714.  

17.        Hemmings HC, Nairn AC, Aswad DW, Greengard P. DARPP-32, a 
dopamine- and adenosine 3’:5’-monophosphate-regulated phospho-
protein enriched in dopamine-innervated brain regions. II. Purification 
and characterization of the phosphoprotein from bovine caudate nu-
cleus. Journal of Neuroscience. 1984;4(1):99–110.  

18.        Williams RM, Obradovi Z, Mathura V, Braun W, Garner EC, Young 
J, et al. The protein non-folding problem: amino acid determinants of 
intrinsic order and disorder. Pacific Symposium on Biocomputing Pa-
cific Symposium on Biocomputing. 2001;100:89–100.  

19.        Romero P, Obradovic Z, Li X, Garner EC, Brown CJ, Dunker AK. 
Sequence complexity of disordered protein. Proteins: Structure, Func-
tion and Genetics. 2001;42(1):38–48.  

20.        Gast K, Damaschun H, Eckert K, Schulze-forster K, Maurer HR, Miil-
ler-frohne M, et al. Prothymosin a : A Biologically Active Protein with 
Random Coil Conformation. Biochemistry. 1995;34:13211–8.  

21.        Ward JJ, Sodhi JS, McGuffin LJ, Buxton BF, Jones DT. Prediction 
and Functional Analysis of Native Disorder in Proteins from the Three 
Kingdoms of Life. Journal of Molecular Biology. 2004;337(3):635–
45.  

22.        Xie H, Vucetic S, Iakoucheva LM, Oldfield CJ, Dunker AK, Uversky 
VN, et al. Functional anthology of intrinsic disorder. 1. Biological pro-
cesses and functions of proteins with long disordered regions. Journal 
of Proteome Research. 2007;6(5):1882–98.  

23.        Peng Z, Yan J, Fan X, Mizianty MJ, Xue B, Wang K, et al. Excep-
tionally abundant exceptions: Comprehensive characterization of in-
trinsic disorder in all domains of life. Cellular and Molecular Life Sci-
ences. 2014;72(1):137–51.  

24.        Gsponer J, Madan Babu M. The rules of disorder or why disorder 
rules. Progress in Biophysics and Molecular Biology. 2009;99(2–
3):94–103.  

25.        Uversky VN, Kuznetsova IM, Turoverov KK, Zaslavsky B. Intrinsi-
cally disordered proteins as crucial constituents of cellular aqueous two 
phase systems and coacervates. FEBS Letters. 2015;589(1):15–22.  



46 

26.        Uversky VN. Protein intrinsic disorder-based liquid–liquid phase 
transitions in biological systems: Complex coacervates and mem-
brane-less organelles. Advances in Colloid and Interface Science. 
2017;239:97–114. 

27.        Uversky VN. Intrinsically disordered proteins in overcrowded milieu: 
Membrane-less organelles, phase separation, and intrinsic disorder. 
Current Opinion in Structural Biology. 2017;44:18–30.  

28.        Iakoucheva LM, Radivojac P, Brown CJ, O’Connor TR, Sikes JG, 
Obradovic Z, et al. The importance of intrinsic disorder for protein 
phosphorylation. Nucleic Acids Research. 2004;32(3):1037–49.  

29.        Bah A, Vernon RM, Siddiqui Z, Krzeminski M, Muhandiram R, Zhao 
C, et al. Folding of an intrinsically disordered protein by phosphoryla-
tion as a regulatory switch. Nature. 2015;519(7541):106–9.  

30.        Bah A, Vernon RM, Siddiqui Z, Krzeminski M, Muhandiram DR, 
Zhao C, et al. Folding of an intrinsically disordered protein by phos-
phorylation as a regulatory switch. Nature. 2015;519(7541):106–9.  

31.        Teufel DP;, Bycroft M, Fersht AR. Regulation by phosphorylation of 
the relative affinities of the N- terminal transactivation domains of p53 
for p300 domains and Mdm2 Daniel. Oncogene. 2009;28(20):2112–8.  

32.        Bah A, Forman-Kay JD. Modulation of intrinsically disordered pro-
tein function by post-translational modifications. Journal of Biological 
Chemistry. 2016;291(13):6696–705.  

33.        Sundell GN, Arnold R, Ali M, Naksukpaiboon P, Orts J, Güntert P, et 
al. Proteome-wide analysis of phospho-regulated PDZ domain interac-
tions. Molecular Systems Biology. 2018;14(8):1–22.  

34.        Dogan J, Gianni S, Jemth P. The binding mechanisms of intrinsically 
disordered proteins. Physical Chemistry Chemical Physics. 
2014;16(14):6323–31.  

35.        Tompa P, Fuxreiter M. Fuzzy complexes: polymorphism and struc-
tural disorder in protein-protein interactions. Trends in Biochemical 
Sciences. 2008;33(1):2–8.  

36.        Gunasekaran K, Tsai CJ, Kumar S, Zanuy D, Nussinov R. Extended 
disordered proteins: Targeting function with less scaffold. Trends in 
Biochemical Sciences. 2003;28(2):81–5.  

37.        Dames SA, Martinez-Yamout MA, de Guzman RN, Jane Dyson H, 
Wright PE. Structural basis for Hif-1α/CBP recognition in the cellular 
hypoxic response. Proceedings of the National Academy of Sciences 
of the United States of America. 2002;99(8):5271–6.  

38.        de Guzman RN, Wojciak JM, Martinez-Yamout MA, Dyson HJ, 
Wright PE. CBP/p300 TAZ1 domain forms a structured scaffold for 
ligand binding. Biochemistry. 2005;44(2):490–7.  

39.        Dogan J, Jemth P. Only kinetics can prove conformational selection. 
Biophysical Journal. 2014;107(8):1997–8.  



47 

40.        Miskei M, Horvath A, Vendruscolo M, Fuxreiter M. Sequence-Based 
Prediction of Fuzzy Protein Interactions. Journal of Molecular Biol-
ogy. 2020;432(7):2289–303. 

41.        Fuxreiter M, Tompa P. Structural disorder and protein elasticity. Vol. 
725, Advances in Experimental Medicine and Biology. 2012. 159–
183.  

42.        Borgia A, Borgia MB, Bugge K, Kissling VM, Pétur O, Fernandes 
CB, et al. Extreme disorder in an ultra-high-affinity protein complex. 
Nature. 2019;555(7694):61–6.  

43.        Oldfield CJ, Meng J, Yang JY, Qu MQ, Uversky VN, Dunker AK. 
Flexible nets: Disorder and induced fit in the associations of p53 and 
14-3-3 with their partners. BMC Genomics. 2008;9(SUPPL. 1):1–20.  

44.        Yang J, Gao M, Xiong J, Su Z, Huang Y. Features of molecular recog-
nition of intrinsically disordered proteins via coupled folding and bind-
ing. Protein Science. 2019;28(11):1952–65.  

45.        Qin BY, Liu C, Srinath H, Lam SS, Correia JJ, Derynck R, et al. Crys-
tal structure of IRF-3 in complex with CBP. Structure. 
2005;13(9):1269–77.  

46.        Demarest SJ, Martinez-Yamout M, Chung J, Chen H, Xu W, Jane 
Dyson H, et al. Mutual synergistic folding in recruitment of cbp/p300 
by p160 nuclear receptor coactivators. Nature. 2002;415(6871):549–
53.  

47.        Waters L, Yue B, Veverka V, Renshaw P, Bramham J, Matsuda S, et 
al. Structural diversity in p160/CREB-binding protein coactivator 
complexes. Journal of Biological Chemistry. 2006;281(21):14787–95.  

48.        Uversky VN, Oldfield CJ, Dunker AK. Intrinsically Disordered Pro-
teins in Human Diseases: Introducing the D 2 Concept. Annual Review 
of Biophysics. 2008;37(1):215–46.  

49.        Bedford DC;, Kasper LH;, Fukuyama T, Brindle PK. Target gene con-
text influences the transcriptional requirement for the KAT3 family of 
CBP and p300 histone acetyltransferases. Epigenetics. 2010;5(1):9–
15.  

50.        Wang F, Marshall CB, Ikura M. Transcriptional/epigenetic regulator 
CBP/p300 in tumorigenesis: Structural and functional versatility in tar-
get recognition. Cellular and Molecular Life Sciences.
2013;70(21):3989–4008.  

51.        Vo N, Goodman RH. CREB-binding Protein and p300 in Transcrip-
tional Regulation. Journal of Biological Chemistry.
2001;276(17):13505–8.  

52.        Wojciak JM, Martinez-Yamout MA, Dyson HJ, Wright PE. Structural 
basis for recruitment of CBP/p300 coactivators by STAT1 and STAT2 
transactivation domains. EMBO Journal. 2009;28(7):948–58.  



48 

53.        Mukherjee SP, Behar M, Birnbaum HA, Hoffmann A, Wright PE, 
Ghosh G. Analysis of the RelA:CBP/p300 Interaction Reveals Its In-
volvement in NF-κB-Driven Transcription. PLoS Biology. 
2013;11(9).  

54.        Steen HC, Gamero AM. STAT2 phosphorylation and signaling. 
Landes Bioscience. 2013;2(4):e25790.  

55.        Bhattacharya S, Eckner R, Grossman S, Oldread E, Arany Z, Andrea 
AD, et al. p300 / CBP in signaling induced by interferon-a. Letters to 
Nature. 1996;383(September):344–7.  

56.        Semenza GL. Hypoxia-inducible factor 1: Oxygen homeostasis and 
disease pathophysiology. Trends in Molecular Medicine. 
2001;7(8):345–50.  

57.        Freedman SJ, Sun ZYJ, Poy F, Kung AL, Livingston DM, Wagner G, 
et al. Structural basis for recruitment of CBP/p300 by hypoxia-induci-
ble factor-1α. Proceedings of the National Academy of Sciences of the 
United States of America. 2002;99(8):5367–72.  

58.        Jaakkola P, Mole DR, Tian YM, Wilson MI, Gielbert J, Gaskell SJ, et 
al. Targeting of HIF-α to the von Hippel-Lindau ubiquitylation com-
plex O2by -regulated Science.hydroxylation.prolyl
2001;292(5516):468–72.  

59.        Yu F, White SB, Zhao Q, Lee FS. HIF-1α binding to VHL is regulated 
by stimulus-sensitive proline hydroxylation. Proceedings of the Na-
tional Academy of Sciences of the United States of America. 
2001;98(17):9630–5.  

60.        Lando D, Peet DJ, Whelan DA, Gorman JJ, Whitelaw ML. Aspara-
gine hydroxylation of the HIF transactivation domain: A hypoxic 
switch. Science. 2002;295(5556):858–61.  

61.        Berlow RB, Dyson HJ, Wright PE. Hypersensitive termination of the 
hypoxic response by a disordered protein switch. Nature. 
2017;543(7645):447–51.  

62.        de Guzman RN, Martinez-Yamout MA, Dyson HJ, Wright PE. Inter-
action of the TAZ1 domain of the CREB-binding protein with the ac-
tivation domain of CITED2: Regulation by competition between in-
trinsically unstructured ligands for non-identical binding sites. Journal 
of Biological Chemistry. 2004;279(4):3042–9.  

63.        Hayden MS, West AP, Ghosh S. NF-κB and the immune response. 
Oncogene. 2006;25(51):6758–80.  

64.        Schmitz ML, Baeuerle PA. The p65 subunit is responsible for the 
strong transcription activating potential of NF-χB. EMBO Journal. 
1991;10(12):3805–17.  

65.        Zhong H, Voll RE, Ghosh S. Phosphorylation of NF-κB p65 by PKA 
stimulates transcriptional activity by promoting a novel bivalent inter-
action with the coactivator CBP/p300. Molecular Cell. 1998;1(5):661–
71.  



49 

66.        Gerritsen ME, Williams AJ, Neish AS, Moore S, Shi Y, Collins T. 
CREB-binding protein/p300 are transcriptional coactivators of p65. 
Proceedings of the National Academy of Sciences of the United States 
of America. 1997;94(7):2927–32.  

67.        Chen L feng, Mu Y, Greene WC. Acetylation of RelA at discrete sites 
regulates distinct nuclear functions of NF-κB. EMBO Journal. 
2002;21(23):6539–48.  

68.        Vermeulen L, de Wilde G, Notebaert S, vanden Berghe W, Haegeman 
G. Regulation of the transcriptional activity of the nuclear factor-κB 
p65 subunit. Biochemical Pharmacology. 2002;64(5–6):963–70.  

69.        Lou X, Sun S, Chen W, Zhou Y, Huang Y, Liu X, et al. Negative 
Feedback Regulation of NF-κB Action by CITED2 in the Nucleus. The 
Journal of Immunology. 2011;186(1):539–48.  

70.        Dunker AK, Silman I, Uversky VN, Sussman JL. Function and struc-
ture of inherently disordered proteins. Current Opinion in Structural 
Biology. 2008;18(6):756–64.  

71.        Malatesta F. The study of bimolecular reactions under non-pseudo-
first order conditions. Biophysical Chemistry. 2005;116(3):251–6.  

72.        Fersht AR, Matouschek A, Serrano L. The folding of an enzyme. I. 
Theory of protein engineering analysis of stability and pathway of pro-
tein folding. Journal of Molecular Biology. 1992;224(3):771–82.  

73.        Gianni S, Dogan J, Jemth P. Deciphering the mechanisms of binding 
induced folding at nearly atomic resolution: The Φ value analysis ap-
plied to IDPs. Intrinsically Disordered Proteins. 2014;2(1):e970900.  

74.        Fersht AR, Sato S. Φ-Value Analysis and the Nature of Protein-Fold-
ing Transition States. Proceedings of the National Academy of Sci-
ences of the United States of America. 2004;101(21):7976–81.  

75.        Fersht AR. Relationship of Leffler (Brønsted) α values and protein 
folding Φ values to position of transition-state structures on reaction 
coordinates. Proceedings of the National Academy of Sciences of the 
United States of America. 2004;101(40):14338–42.  

76.        Fersht AR. Optimization of rates of protein folding: The nucleation-
condensation mechanism and its implications. Proceedings of the Na-
tional Academy of Sciences of the United States of America. 
1995;92(24):10869–73.  

77.        Saboury AA. A Review on the Ligand binding study by Isothermal 
Titration Calorimetry Iranian Chemical Society A Review on the Lig-
and Binding Studies by Isothermal Titration Calorimetry. Journal of 
the Iranian Chemical Society. 2014;3(1):1–21.  

78.        Sigurskjold BW. Exact analysis of competition ligand binding by dis-
placement isothermal titration calorimetry. Analytical Biochemistry. 
2000;277(2):260–6.  



50 

79.        de Sancho D, Best RB. Modulation of an IDP binding mechanism and 
rates by helix propensity and non-native interactions: Association of 
HIF1α with CBP. Molecular BioSystems. 2012;8(1):256–67.  

80.        Chu WT, Chu X, Wang J. Investigations of the underlying mecha-
nisms of HIF-1α and CITED2 binding to TAZ1. Proceedings of the 
National Academy of Sciences of the United States of America. 
2020;117(11):5595–603.  

81.        Gao M, Yang J, Liu S, Su Z, Huang Y. Intrinsically Disordered Trans-
activation Domains Bind to TAZ1 Domain of CBP via Diverse Mech-
anisms. Biophysical Journal. 2019;117(7):1301–10.  

82.        Shammas SL, Travis AJ, Clarke J. Remarkably fast coupled folding 
and binding of the intrinsically disordered transactivation domain of 
cMyb to CBP KIX. Journal of Physical Chemistry B. 
2013;117(42):13346–56.  

83.        Schreiber G, Haran G, Zhou HX. Fundamental aspects of protein - 
Protein association kinetics. Chemical Reviews. 2009;109(3):839–60.  

84.        Schlosshauer M, Baker D. Realistic protein-protein association rates 
from a simple diffusional model neglecting long-range interactions, 
free energy barriers, and landscape ruggedness. Protein Science. 
2004;13(6):1660–9.  

85.        Gabdoulline RR, Wade RC. Biomolecular diffusional association. 
Current Opinion in Structural Biology. 2002;12:204–13. 

86.        Dahal L, Kwan TOC, Shammas SL, Clarke J. pKID Binds to KIX via 
an Unstructured Transition State with Nonnative Interactions. Bio-
physical Journal. 2017;113(12):2713–22.  

87.        Rogers JM, Oleinikovas V, Shammas SL, Wong CT, de Sancho D, 
Baker CM, et al. Interplay between partner and ligand facilitates the 
folding and binding of an intrinsically disordered protein. Proceedings 
of the National Academy of Sciences of the United States of America. 
2014;111(43):15420–5.  

88.        Giri R, Morrone A, Toto A, Brunori M, Gianni S. Structure of the 
transition state for the binding of c-Myb and KIX highlights an unex-
pected order for a disordered system. Proceedings of the National 
Academy of Sciences of the United States of America. 
2013;110(37):14942–7.  

89.        Karlsson OA, Chi CN, Engström Å, Jemth P. The transition state of 
coupled folding and binding for a flexible β-finger. Journal of Molec-
ular Biology. 2012;417(3):253–61. 

90.        Bonetti D, Troilo F, Brunori M, Longhi S, Gianni S. How Robust Is 
the Mechanism of Folding-Upon-Binding for an Intrinsically Disor-
dered Protein? Biophysical Journal. 2018;114(8):1889–94.  

91.        Lindström I, Andersson E, Dogan J. The transition state structure for 
binding between TAZ1 of CBP and the disordered Hif-1α CAD. Sci-
entific Reports. 2018;8(1):1–3.  



51 

92.        Toto A, Camilloni C, Giri R, Brunori M, Vendruscolo M, Gianni S. 
Molecular Recognition by Templated Folding of an Intrinsically Dis-
ordered Protein. Scientific Reports. 2016;6(February):1–9.  

93.        Jemth P, Mu X, Engström Å, Dogan J. A frustrated binding interface 
for intrinsically disordered proteins. Journal of Biological Chemistry. 
2014;289(9):5528–33.  

94.        Toto A, Gianni S. Mutational Analysis of the Binding-Induced Fold-
ing Reaction of the Mixed-Lineage Leukemia Protein to the KIX Do-
main. Biochemistry. 2016;55(28):3957–62.  

95.        Rogers JM, Wong CT, Clarke J. Coupled folding and binding of the 
disordered protein PUMA does not require particular residual struc-
ture. Journal of the American Chemical Society. 2014;136(14):5197–
200.  

96.        Crabtree MD, Mendonça CATF, Bubb QR, Clarke J. Folding and 
binding pathways of BH3-only proteins are encoded within their in-
trinsically disordered sequence, not templated by partner proteins. 
Journal of Biological Chemistry. 2018;293(25):9718–23.  

97.        Toto A, Malagrinò F, Visconti L, Troilo F, Pagano L, Brunori M, et 
al. Templated folding of intrinsically disordered proteins. Journal of 
Biological Chemistry. 2020;295(19):6586–93.  

98.        Haq SR, Chi CN, Bach A, Dogan J, Engström Å, Hultqvist G, et al. 
Side-chain interactions form late and cooperatively in the binding re-
action between disordered peptides and PDZ domains. Journal of the 
American Chemical Society. 2012;134(1):599–605.  

99.        Dogan J, Mu X, Engstrom A, Jemth P. The transition state structure 
for coupled binding and folding of disordered protein domains. Scien-
tific Reports. 2013;3:3–8.  

100.       Shammas SL, Travis AJ, Clarke J. Allostery within a transcription 
coactivator is predominantly mediated through dissociation rate con-
stants. Proceedings of the National Academy of Sciences of the United 
States of America. 2014;111(33):12055–60.  

101.       Dogan J, Jonasson J, Andersson E, Jemth P. Binding Rate Constants 
Reveal Distinct Features of Disordered Protein Domains. Biochemis-
try. 2015;54(30):4741–50.  

102.       Åberg E, Karlsson OA, Andersson E, Jemth P. Binding Kinetics of 
the Intrinsically Disordered p53 Family Transactivation Domains and 
MDM2. Journal of Physical Chemistry B. 2018;122(27):6899–905.  

103.       Toto A, Troilo F, Visconti L, Malagrinò F, Bignon C, Longhi S, et 
al. Binding induced folding: Lessons from the kinetics of interaction 
between NTAIL and XD. Archives of Biochemistry and Biophysics. 
2019;671(June):255–61. 

104.       Zhou HX, Pang X, Lu C. Rate constants and mechanisms of intrinsi-
cally disordered proteins binding to structured targets. Physical Chem-
istry Chemical Physics. 2012;14(30):10466–76.  



52 

105.       Wu D, Zhou HX. Designed Mutations Alter the Binding Pathways of 
an Intrinsically Disordered Protein. Scientific Reports. 2019;9(1):1–
10.  

106.       Karlsson E, Paissoni C, Erkelens AM, Tehranizadeh ZA, Sorgenfrei 
FA, Andersson E, et al. Mapping the transition state for a binding re-
action between ancient intrinsically disordered proteins. Journal of Bi-
ological Chemistry. 2020;jbc.RA120.015645.  

107.       Kasinath V, Sharp KA, Wand AJ. Microscopic insights into the NMR 
relaxation-based protein conformational entropy meter. Journal of the 
American Chemical Society. 2013;135(40):15092–100.  

108.       Muhandiram DR, Yamazaki T, Kay LE, Sykes BD. Measurement of 
2H T1 and T1ρ Relaxation Times in Uniformly 13C-Labeled and Frac-
tionally 2H-Labeled Proteins in Solution. Journal of the American 
Chemical Society. 1995;117(46):11536–44.  

109.       Millet O, Muhandiram DR, Skrynnikov NR, Kay LE. Deuterium spin 
probes of side-chain dynamics in proteins. 1. Measurement of five re-
laxation rates per deuteron in 13C-labeled and fractionally 2H-en-
riched proteins in solution. Journal of the American Chemical Society. 
2002;124(22):6439–48.  

110.       Frederick KK, Marlow MS, Valentine KG, Wand AJ. Conforma-
tional entropy in molecular recognition by proteins. Nature. 
2007;448(7151):325–9.  

111.       Caro JA, Harpole KW, Kasinath V, Lim J, Granja J, Valentine KG, 
et al. Entropy in molecular recognition by proteins. Proceedings of the 
National Academy of Sciences of the United States of America. 
2017;114(25):6563–8.  

112.       Tzeng SR, Kalodimos CG. Protein activity regulation by conforma-
tional entropy. Nature. 2012;488(7410):236–40.  

113.       Wang Y, V.S M, Kim J, Li G, Ahuja LG, Aoto P, et al. Globally 
correlated conformational entropy underlies positive and negative co-
operativity in a kinase’s enzymatic cycle. Nature Communications. 
2019;10(1).  

114.       Lipari G, Szabo A. Model-Free Approach to the Interpretation of Nu-
clear Magnetic Resonance Relaxation in Macromolecules. 1. Theory 
and Range of Validity. Journal of the American Chemical Society. 
1982;104(17):4546–59.  

115.       Lipari G, Szabo A. Model-Free Approach to the Interpretation of Nu-
clear Magnetic Resonance Relaxation in Macromolecules. 2. Analysis 
of Experimental Results. Journal of the American Chemical Society. 
1982;104(17):4559–70.  

116.       Clore GM, Szabo A, Bax A, Kay LE, Driscoll PC, Gronenborn AM. 
Deviations from the Simple Two-Parameter Model-Free Approach to 



53 

the Interpretation of Nitrogen-15 Nuclear Magnetic Relaxation of Pro-
teins. Journal of the American Chemical Society. 1990;112(12):4989–
91.  

117.       Akke M, Brüschweiler R, Palmer AG. NMR Order Parameters and 
Free Energy: An Analytical Approach and Its Application to Cooper-
ative Ca2+ Binding by Calbindin D9k. Journal of the American Chem-
ical Society. 1993;115(21):9832–3.  

118.       Wand AJ. The dark energy of proteins comes to light: Conforma-
tional entropy and its role in protein function revealed by NMR relax-
ation. Current Opinion in Structural Biology. 2013;23(1):75–81. 

119.       Sharp KA, O’Brien E, Kasinath V, Wand AJ. On the relationship 
between NMR-derived amide order parameters and protein backbone 
entropy changes. Proteins: Structure, Function and Bioinformatics. 
2015;83(5):922–30.  

120.       Sharma R, Raduly Z, Miskei M, Fuxreiter M. Fuzzy complexes: Spe-
cific binding without complete folding. FEBS Letters.
2015;589(19):2533–42. 

121.       Miskei M, Gregus A, Sharma R, Duro N, Zsolyomi F, Fuxreiter M. 
Fuzziness enables context dependence of protein interactions. FEBS 
Letters. 2017;591(17):2682–95.  

122.       Schneider R, Blackledge M, Jensen MR. Elucidating binding mech-
anisms and dynamics of intrinsically disordered protein complexes us-
ing NMR spectroscopy. Current Opinion in Structural Biology. 
2019;54:10–8. 

123.       Verteramo ML, Stenström O, Ignjatović MM, Caldararu O, Olsson 
MA, Manzoni F, et al. Interplay between Conformational Entropy and 
Solvation Entropy in Protein-Ligand Binding. Journal of the American 
Chemical Society. 2019;141(5):2012–26.  

124.       Masterson LR, Cheng C, Yu T, Tonelli M, Kornev A, Taylor SS, et 
al. Dynamics connect substrate recognition to catalysis in protein ki-
nase A. Nature Chemical Biology. 2012;6(11):821–8.  

125.       Kim J, Ahuja LG, Chao FA, Xia Y, McClendon CL, Kornev AP, et 
al. A dynamic hydrophobic core orchestrates allostery in protein ki-
nases. Science Advances. 2017;3(4):1–9.  

126.       Kay LE. New Views of Functionally Dynamic Proteins by Solution 
NMR Spectroscopy. Journal of Molecular Biology. 2016;428(2):323–
31. 

127.       Tzeng SR, Kalodimos CG. Dynamic activation of an allosteric regu-
latory protein. Nature. 2009;462(7271):368–72.  

128.       Marlow MS, Wand AJ. Conformational dynamics of calmodulin in 
complex with the calmodulin dependent kinase kinase α calmodulin-
binding domain. Biochemistry. 2006;45(29):8732–41.  



54 

129.       Frederick KK, Kranz JK, Wand AJ. Characterization of the backbone 
and side chain dynamics of the CaM-CaMKIp complex reveals micro-
scopic contributions to protein conformational entropy. Biochemistry. 
2006;45(32):9841–8.  

130.       Diehl C, Engström O, Delaine T, Håkansson M, Genheden S, Modig 
K, et al. Protein flexibility and conformational entropy in ligand design 
targeting the carbohydrate recognition domain of galectin-3. Journal of 
the American Chemical Society. 2010;132(41):14577–89.  

131.       Hilser VJ, Thompson EB. Intrinsic disorder as a mechanism to opti-
mize allosteric coupling in proteins. Proceedings of the National Acad-
emy of Sciences of the United States of America. 2007;104(20):8311–
5.  

132.       Homans SW. Water, water everywhere - except where it matters? 
Drug Discovery Today. 2007;12(13–14):534–9.  

  


